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ABSTRACT

The various phases to developing a methodology for studying the response of a
spring-reinforced arch subjected to a point load are discussed. The arch is simply
supported at its ends with both the spring and the point load assumed to be at
midspan. The spring is present to off-set the typical snap-through behavior normally
associated with arches, and to provide a structure that responds with constant re-
sistance over a finite displacement. The various phases discussed consist of: De-
velopment of the closed-form solution for the shallow arch case; Development of a
finite-difference analysis to study (shallow) arches; and; Development of a finite-
element analysis for studying more general shallow and nonshallow arches. The two
numerical analyses rely on a continuation scheme to move the solution past limit
points, and to move onto bifurcated paths, both characteristics being common to the
arch problem. An eigenvalue method is used for a continuation scheme. The finite-
difference analysis is based on a mixed formulation (force and displacement vari-
ables) of the governing equations. The governing equations for the mixed formulation
are in first order form, making the finite-difference implementation convenient.
However, as will be discussed, the mixed formulation is not well-suited for the
eigenvalue continuation scheme. This provided the motivation for the displacement-
based finite-element analysis. Both the finite-difference and the finite-element ana-
lyses are compared with the closed-form shallow arch solution. Agreement is
excellent, except for the potential problems with the finite-difference analysis and the
continuation scheme. Agreement between the finite-element analysis and another

investigator’s numerical analysis for deep arches is also good.
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INTRODUCTION

Background

In the initial phase of this study, closed-form solutions for the response of a shallow
arch reinforced with a single spring at midspan and loaded with a downward point
load, also at midspan, were developed. Typical results were documented in ref. [11.
A schematic of this physical situation is shown in fig. 1. a figure taken from ref. [11.
The purpose of reinforcing the arch with a spring is to alter the arch’s well-known
snap-through behavior associated with the limit point. With no spring reinforcement,
under load contro! the load-midspan deflection behavior is characterized by a sudden
and large increase in deflection as the load reaches a limit value. Snap-through be-
havior is characterized in fig. 2a, the load increasing to limit point L, suddenly
‘jumping’ (dynamically) to point M, and then continuing on to point N. With a rein-
forcing spring, the snap-through behavior can be controlled. The load-midspan de-
flection relation that can result from the addition of a reinforcing spring is shown in
fig. 2b. Instead of the load increasing to the limit point, the load increases to point
C, then the relation proceeds along path CD (which is stabilized by the center sping)
to point D, and then on to point N. In a particular application, to take advantage of this
altered response it may be desirable to have a steeper or a shallower slope to path
CD. The slope of path CD can be controlled by the stiffness of the spring. Relation-
ships between the spring stiffness, the geometric and elastic properties of the arch,

and the characteristic of arch response were summarized in fig. 11 in ref. 1.

Since a generalization of the reinforcing concept would consider arches that cannot
be categorized as shallow, efforts then focused on extending the analysis to include
deep arches. Unfortunately, closed-form solutions to the deep arch problem, even
with no spring, do not exist. T'hus the extension of the spring reinforcement concept
to these other geometries relied on a numerical method. With a numerical approach,

the problems of zero stiffness at limit points, such as point L in fig. 2a. and bifurcated
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(multivalued) solution points, such as point C in fig. 2b, are serious. Most standard
numerical schemes become singular at these points. Fortunately, there are tech-
niques to overcome the singular nature of the problem at these points, though they
are not in the category of general purpose techniques. To study deep arches, then,
the following steps were necessary:

1) A numerical épproach had to be de’velrop'ed and verified; and

2) A technique to overcome the singular nature of the problem had to be imple-

mented.

During the second phase of this study, hoth steps were accomplished using a finite-
difference approach. Specifically, a finite-difference approach was used with the in-
cremental equations for this geometrically nonlinear problem. The incremental
equations were, of course, linear and to solve the problem the linear equations were
solved repeatedly as the load level was increased. To check the formulation of the
finite-difference approach, the shallow arch problem was resolved using the finite-
difference scheme. The numerical solution was compared with limited closed-form
results in ref. [2]. The comparison between the closed-form and finite-difference ap-
proaches was excellent. A continuation of the work with the finite-difference ap-
proach focused on the implementation of a technique to overcome singularities, and
on a further comparison of the numerical results with the closed-form solution, par-
ticularly the ability to move the solution through limit points, and to move the solution
onto one branch or the other at bifurcation points. The results of this phase of the

work have not been reported on and will be discussed in a subsequent section.

As will be seen, the finite-difference method, including the method to overcome
éingularities, worked quite weﬂ...on the problems tested. The finite-difference for-
mulation was based on the first-order form of the incremental equations governing
the behavior of a shallow arch. These incremental equations, by their first-order na-
ture, were of a mixed formulation, i.e., the equations involved both force and dis-

placement variables. While the first-order mixed form of the equations was very
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convenient for implementing the finite-difference approach, the mixed feature proved
to be a serious drawback. The reason is as follows: The finite-difference formulation
of the linear incremental equations was written as a known coefficient matrix times
the unknown increments in the force and displacement variables equal to a known
vector. At each load level the unknown increments were determined from the set of
linear equations using standard methods. At limit or bifurcation points, the coefficient
matrix was singular and the equations could not be solved. To know when singular
points were to be encountered, the eigenvalues of the coefficient matrix were com-
puted, one eigenvalue going to zero when the matrix hecame singular. So the sol-
ution could proceed past the singular points, the eigenvector associated with the
singular eigenvalue, but evaluated at a load sﬂghﬂy away from the singularity, was
used to represent the unknown increments at the singular points. Using the
eigenvector representation of the increments, the solutién could be made to proceed
through the singularity. Once through the singularity, the increments were again
found by using the coefficient matrix, the matrix being non-singular again. Unfortu-
nately, with a mixed formulation, the coefficient matrix is not symmetric so the
eigenvalues and vectors are in general complex, thus it was difficult to use them re-
liably to predict when singular behavior was about to occur. In addition, with compliex
eigenvectors, a physical interpretation of what was taking place in the vicinity of the
singular points was difficult. As an alternative to predicting when a singular point
was being approached, a dynamic stability analysis was posed. At each level of ap-
plied load, the frequency of small motions about the static equilibrium configuration
can be used to study stability. Bifurcation and limit points are associated with the
lowest frequency going to zero. Keeping track of the frequencies computed from the
stability analysis would thus provide insight into the location of singular points. This
dynamic stability method would also have the advantage of indicating the stability
characteristics of the various paths associated with the singular points. Unfortu-

nately, with the mixed formulation, the mass matrix for the problem was itself singu-
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lar. The mass matrix was not a mass matrix in the classic sense of a purely
displacement based formulation. As all variables were not displacements and hence
the masses associated with the nondisplacement variables were not really masses.
The eigenvalues and eigenvectors of the dynamic system were also complex and did
not provide any benefit to the analysis of limit and bifurcation point. Thus, because
of the difficulties with the mixed approach, efforts focused on the development of a

displacement-based finite-element formulation.

A displacement-based formulation would result in a symmetric tangent stiffness ma-
trix which has real eigenvalues, and hence there is less difficulty in determining the
stability of the equilibrium paths. The eigenvectors would also be real and hence
more useful. This disr;lécement formulation was more generai than the finite-
difference formulation in that it was not restricted to shallow arches. A subsequent
section of this report will trace the development of that work.

Overview of Report

To follow in this report, then, are a number of sections. The next section presents the
equations governing the behavior of a shallow arch with a reinforcing spring. The
case of no supporting spring is a special case of these equations. The third section
summarizes the finite-difference representation of incremental form of the shallow
arch equations. In the fourth section results from the finite-difference approach are
compared with closed-form results, particularly for branched solutions. This section
will demonstrate the ability to move through singular points. In the fifth section the
finite-element formulation of the problem is presented. In the sixth section, results
obtained by the finite-element method for several shallow arches are compared with
the closed-form solution. Then the finite-element results for deep arches are com-
pared with the numerical results of Huddleston [3]. Huddleston obtained results by

using the so-called shooting method for solving the first-order form of the equations

for the deep arch.
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Three appendices are also included. Appendix A is a detailed derivation of the gov-
erning equations for both deep and shallow arches. Appendix B is a users guide to
the finite-element program used to obtain numerical results. Appendix C is a listing
of the finite-element program.

EQUATIONS GOVERNING THE BEHAVIOR OF A SHALLOW ARCH

The governing equations are derived using the first variation of the total potential
energy of the arch-spring-load system shown in Fig. 1. The initial shape of the arch
is described by the function z(x), z,(x) representing an initial shape relative to a
straight line connecting the arch supports. Because the arch is shallow, there is no
distinction between the arc length coordinate along the arch, s,, and the Cartesian
coordinate x measured along the straight line between the supports. Here arch

midspan is designated as x=0. With this, the total potential energy, V, is given by

L
I
V‘QJ—L

2
{EA[U' +Z' W+ %(w’)Q] + El( —w"’ 2}dx
(1)

+ Pw(0) + —12— Kw2(0),

where u is the displacement in the x direction (horizontal), w the displacement in the
z-direction (vertical), E the Young’s modulus of the arch, A and [ the area and the area
moment of inertia at the arch cross-section, P the applied load, and K the spring
stiffness. (The development of eq. (1) is given in Appendix A.)

Equilibrium Equations and Boundary Conditlons

Taking the first variation of the total potential energy and defining the force and mo-

ment resultants to be

N= EA[u’ + ' W + % (w')Q]
M=El( —w"")

(2)



results in

2
5V=J (N[Su’ + 2',0w’ + w'dw'] 4 M( - dw’")}dx
—L

2
+ PSw(0) + Kw(0)ow(0) .

)

Integrating by parts twice yields

L

7
5V=J { —N’du — [N(Z'o + w'o)]'ﬁw - M"dwldx
—L

2
L L
7 7
+ N(SUI L + (M' + N(Z'o + W'))(Swl L | (4)

2 2

i

o

L
2

0
~maw| |2+ [P+ Kw(0)16w(0),
=L 'o
2

where ()’ denotes differentiation with respect to x. Setting 5V =0 gives the equi-

librium equations and boundary terms. The equilibrium equations are

from o6u: N'=0 : (5)
. r 7 A% 1. 7 L — 4 L
from dw: M +[N(Z',+ w')]'=0 xe(——z-,O) and x e (0 ,—2—), (6)

and the boundary terms are

L
?

NGu |2+ [M + N + W)1ow|

=t =L
2 2
— (M +NZo+ WhSW| 4 (M4 N+ W))ow %
x=0" x=0"
L
+(P+ Kw)r‘iwl — Mﬁw’l 1 MW — Méw'
x=0 =L x=0"' x=0"
2
From the boundary terms the boundary conditions are
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at X=i%, u=0, w=0, M=0. ®8)

The conditions at the location of the load and spring can be written as

at x=0 w(07)=w(0") (8)
w'(07)=w'(0") ©)
M(07) = M(0") (10)
and
V(0T) 4 P+ Kw(0)=V(0"), (11)
where the shear V is
V=M + (z, + W'N. (12)

Equations 8-10 are referred to as the continuity conditions while eq. 11 is referred to

as the jump condition. Due to eq. 5, the thrust, N, is constant, i.e.,

N = constant. (13)

Thus the boundary value problem becomes

(—EW')" + N@Z'y + w)=0  xe (”TL 07) and x € (o*,—'é—), (14)
with
L
CEA[RrL, A
N~-——L I_L[z oW + 5 (w ]dx (15)



and boundary and continuity conditions, given by eqs. 8-11. Nondimensionalizing by

defining

yields the governing equation
v vidddd 2 {24 brvidd
W' =y [z, - W']=0,

with the nondimensional version of eq. 15,

1
V2= [ (27w - (W) )dx ,
i

and the boundary conditions

w(-1)=0, W(1)=0
w'(—-1)=0, WwW'(1)=0,

and continuity and jump conditions

w(07)=w(0")
w'(07)=w'(0%)
w'(0)=w"(0")

W |0‘ +p—kw=w"|

0

(16)

(17)

(18)

(19)

(20)

The quantity 2 now represents the thrust. For a circular arch, function z, Is given by

eq. A.70 in Appendix A and in nondimensional form in eq. 16. The solution to eq. 17

for the circular arch is
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=2
A, sinyX 4+ AycosyX + AxX + A, - 21 =

5 xe{—1,0)

W= o (21
Ag sin yX + AgCos yX + AX + Ay 2212— . xe(01)
which, with the boundary and jump conditions, leads to the matrix equation,
CyAi=Ac;+pd;;i,j=12..8 (22)
for the eight unknown A;’s. Equation 18 results in
mi A A+ n A+ g=0. (23)

This leads to a quadratic equation in the nondimensional load p such that for given
values of y, 1, and k, the nondimensional load p can be determined.

The Adjoint Problem

The solution for W, eq. 21, is unique if y is not an eigenvalue of the adjoint problem
to the differential equation, eq. 17, boundary conditions, eq. 19, and the transition
conditions, eq. 20. If y is an eigenvalue to the adjoint problem, then muitiple solutions
for W are possible for particular values of the load p, and matrix C; in eq. 22 is sin-
gular. (The fact that multiple solutions to eq. 17 and its éssociated boundary and
transition conditions are possible is sometimes referred to as Fredholm’s alternative

theorem.) The adjoint problem is

V' yv=0, (24)

with homogeneous boundary conditions

v(—=1)=0,v"(—1)=0

v(1)=0,v"’(1)=0, (25)

and the homogeneous continuity and jump conditions

11



v(07)= V(0+)
vi{(0T)= v’(0+) )
26
V”(O_) — V”(O+) ( )
v”’(0+) — v'"(07) + kv(0)=0,
with the compatibility condition
1
pv(0) = 2524 J v(X)dX . (27)
-1

The adjoint boundary value problem is homogeneous, and has the trivial solution
v(X)=0 for all X. Note that the compatibility conoition, eq. 27,7is satisfied by the trivial
solution for any p. Nontrivial solutions (eigenfunctions) for v(X) exist if y is an
eigenvalue. If y is an eigenvalue, then p, y, and 1 are related by the compatibility
equation. For a given arch rise 1 and eigenvalue y, the load(s) p at which multiple
sol'utionsr for W(X) are possible are determined by eq. 27. Thio adjoint problem has

the same homogeneous solution as eq. 17, namely

(28)

B, sinyx + B, cosyx + Bayx + B, Xe(—-1,0)
V=) BysinyX + BgcosyX + B,Xx + B, X e (0,1)

Substituting eq. 28 into eqs. 25 and 26 results in a homogeneous problem for coeffi-

cients B, to B, with y as the eigenvalue parameter. The nontrivial solutions to this

problem are

A. siny=0 (y=n=n,n = positive integer)
A1 k+#2°, then (29)
vo(X)=B, sin nax, Xe(-1,1)

for which any value of p will satisty compatibility; and
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A2 k=2y2, then

B. sin nnX + By( — i sin nax + X + 1), Xe(—10) )

Vo) = 1
B. sin naX + By qesin naX — X + 1), Xe(01)
for which
2
n
p=41 <1 _ cos(nn) + < g) ) (31)
where
k B, + B
y:ynznn=£_ , and B'r_l____s_ (32)
2 2
B. siny#0
B.1 k=#0, then (33)
ksiny + y(2y2 — k) cos y=0 with
-k - -
sin yX — -k—ycosyx —yXx —y, Xxe(-10)
V(—X_)=B1 5 2 k 3 (34)
— sinyX — yk yCoS )X + )X — v, Xe(0,1)
for which
21k {1 2" — k y
pP=— (-Y—(COSy—U———k——smy——é-), (35)
B.2 k=0, then .
cos y=0 with (36)
v(Xx)=B,cosyX, Xe(-11)
for which

p=4iysiny. (37)
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The solution for W when y is an eigenvalue of the adjoint problem describes special
but important system behavior. When y is an eigenvalue the solution for W is still
obtained from eqgs. 22 and 23, however, C; is singulér. In case A.1, C; is reduced to
rank 7. The unknowns A., A, Ay As A, As, and A can be solved for in eq. 22 in terms
of As. The unknown A; is solved for in terms of p and 1 in eq. 23. Solutions for As
exist only for values of 1 greater than a threshold value and only for a range of p. For
each p in this range there are two values of A, thus two solutions for W. These sol-
utions correspond to two asymmetric equilibriu‘m pathq bifurcating from the syh-
metric equilibrium path. Case A.2 is a special case of A.1. In this case C; is of rank
6 and A, A, A, As, A;, and A, are solved for in terms of A, and As. The value of p for
which solutions exist was determined from compatibility as given by eq. 31. Equation
23 is used to solve for As in terms of A,. Again solutions only exist for 1 large enough.
This case corresponds to bifurcation behavior in which the two bifurcation paths col-
lapse to one solution in which the midspan deflection increases withou>t a change in
load. In cases B.1 and B.2, the matrix C; is again of rank 6 and in addition, A;= As.
The remaining A’s are solved for in terms of A;, and A, is solved for in terms of 1 via
eq. 23. For given values of y and k, related through eq. 33, there will be only one
value of 1 which yields a solution for A,. This case describes the particular situation

of a horizontal inflection point on the symmetric equilibrium path.

The equations presented in this section lead to the exact solution for the case of a
shallow arch. As has been seen in past results [1,2]. the response is complicated
with a number of special but important cases. The governing equations will now be

solved using a finite-difference formulation.

FINITE-DIFFERENCE REPRESENTATION OF THE
INCREMENTAL FORM OF THE SHALLOW ARCH EQUATIONS

First-Order Form of Governing Equations

Using the governing equilibrium equations from the exact solution and the definitions
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of shear force, and axial force and moment resultants, the following system of

equations can be written:

N'=0
V=0
M+ N@Z'y + W) — V=0

N=EA(u' + Z’ W + %(w')g)
M=EI(—w"

Introducing the additional definition

(38)

(39)

which is the rotation, produces a system of first order equations consisting of force

and displacement variables. These equations are

N =0
V=0
M= ~NZo— f) + V

u'=NJEA + Z/,fi — %ﬂQ

w=—-fi
[i’=M/E|7
Letting
y;=N ys=Uu
y,=V Y5 =W,
y3=M Ye=

the system of equations can be written as

y' =Ay + f(y)

with boundary conditions

(40)

(41)

(42)

15



v4(0)=y,(L)=0
ys(0)=ys(L)=0 (43)
y3(0) =y,(L)=0

and continuity and jump conditions

yi=vyi

y; + P + K¥s=y;

—_ ot

o
Ys =Va

Yo = Ve .

where the '+’ and ’-’ denote values of the variables to the left and right of the center

of the arch.

Considering each of the six equations in eq. 40 to be a function F;, j = 1,6, of six

variables, the governing system of first order equations can be written as

FiN, V, M, u, w, f)=0, j=1,6. (45)

Finite-Difference Representation

Utilizing a finite-difference approximation for the 1st derivative, the governing

equations become

16
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k
Fei=

Uyr — Ui

Xigr — X =0

K K

Vl+1 -V =0

Xigsg — %

M:(+1 - M:( 1 K v
=X, =% T 7{Ni+1(zoi+1 ~ 1)

k k

Xigr — %

N; ;o 1 /K2
+ 'E/';\_ + Zo1ﬂ| - ?(ﬂl) =0
K K
Wipt1 — W 1 ok K
VIR + —2-{ﬁ;+1 + p}=0
ﬁ:(+1 - 'Br 1 K K
=%~ e Mier F Mi}=0

— VK

i+1

7 (f

K
i+1

)2

(46)

where i identifies values at the i-th grid point in the finite-difference grid and k signi-

fies that the equations are being solved for the k-th load level. The boundary condi-

tions are

Mi=0 Mf =0
u‘;=0 ufn=0
w';=0 wfn=0,

(47)

where the number of grid points is m, the 1-st grid point being the left boundary

(x=0) and the m-th grid point the right boundary (x=L). The continuity and jump

conditions at the middle grid point are

17



Incremental Form

Letting

k ko
NL\r\_+1 - N%_——O
k k
Vv — Vi — Kwm =P
T >
k k _
M%H — M_r_él—O
uk u% 0 (48)
m - m =
2 2
k k
Wmn — wm =0
2 2
k k
m,, — fim=0
ﬁT“ ﬂ?
NEFT=N 4 ANY
ViR =vE 4 AVf
M =M + AMY o)
u:(+1=u:< + Aur
w:(’L1=w,k + Awf(
41 { 4 k
FI=B AR

substituting into eq. 46, expanding, and neglecting higher-order terms, results in the

following set of equations for the increments in the six variables:
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k K k K
Fk~+1= N6+1 — N, + ANi+1 — AN, -
K Xig1 = X Xigq — X
k k K K
1 Ve — Y Ay 4 — AV
2 Xig1 — % Xig1 — %
M, — MY 1
k+1_ i+1 i , k k % ’ K kg K k
Fam = Xie1 — X + ?(Zoi+1Ni+1—ﬂi+1Nu+1'V|+1+Zost - BN *Vi)
AM:(H _AMik 1 K v k k k K
Xiv1 — X + "2'(Zoi+1ANs+1 = By aONL = AT N — AV

+ 28NS — BANS — AFINS — AV)=0

k k
u. — U
kK+1_ “i+1 i 1 1 k , K 1 Koo\2
Fai = Xi+1 — X ?{ EA Nigr + ZoipaBiyy — _2‘(ﬁ:+1) (50)
1 . pk 1 (pky2
AU:(H - A“:( 1 1 k K K K
X1 % 2 ﬁANiH + 20 AR = B BB
1 )
+ o AN+ 2B — paptf =0
K K K K
w - w Aw; — Aw
k+1_ Yi+1 i 1 7ok K i+1 i 1 k Ky _
Fsi T TX % + ?(ﬂi+1+ﬂi)+ X 11 — % + —Q_(Aﬂi+1+Aﬂi)_0
ﬂ:(+1 - ﬂik 1 k K Aﬁ:<+1 - Aﬁ? 1 K 3
Fo= X7 —x ~ ZEI My + M) + Xig1 — % 2El (AM{, 4 — AM{) =0,
with boundary conditions
M§ + AM{=0
uf + Auf=0
wh + Awi=0
‘ v 51
MY, + AM,=0
K k
uy, + Au,=0

w:(n + Aw'fn=0

and continuity and jump conditions

19



k

K K K \
Nm — Nm + ANm + ANm =0
Ty 5+ )
Vi, — Vin — Kwh + AVl — AV — KAWm =P
2 2 2 2 2 2
M, , — M + AMf , , — AMn =0
2 2 2 2
u% utm + Auk Aukn =0 (52)
m - m m m —
37 *! 2 2 t1 2
K k K K
Wm — wm + Awm Awm =0
7+ 2 Fa l
K K K K
[f_+1—ﬂm +Aﬁm+1 Affm =0
Specifically, we have equations which can be written as
[A{Ay}={R} (53)

If the coefficient matrix [A], is not singular, the equations can be solved for the in-
crements in the force and displacement variables. A solution is realized when the
residual vector {R} is zero. This condition is achieved by iteration at a given load

level.

At limit and bifurcation points the coefficient matrix [A] becomes singular, and the
eigenvalues of [A] are used to evaluate the singular nature. As can be seen from eq.
52, the [A] matrix is not a classic stiffness matrix (i.e., it is not symmetric) since it
involves both forces and displacements. lts eigenvalues are not all real and vary
greatly in magnitude which makes it difficult to analyze the singular nature of the

matrix and use the eigenvalues as an indication of singular behavior. Equation 53 can

be partitioned as

Ay Ay AF Ry
= (54)
At Ay Au

20
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where AF are the force variables AN, AV,'AM, and Au are the displacement variables
Aw, Au, Afi. It was hoped that by eliminating the force variables from eq. 54 a classic

stiffness matrix would resuit. Doing so led to an equation of the form

[A'J{Au}={R) (55)
where
[AT=[Ay — Ay A7 Al (56)
and
(R)={Ry — Ay A} Ry (57)

Unfortunately the [A“] matrix was not symmetric either and could not be used to help
analyze or indicate the singular nature of the problem at bifurcation points and limit
points.

Dynamic Stability Analysis

As a final approach, it was hoped a dynamic stability analysis would aid in determin-
ing the bifurcation and limit points. For the dynamic problem, the governing

equations are

N,=
V,x =MWy

M,=-N@z, — ) +V
u,=NJEA + Z/,ff — %/?2 (58)

W,x = - ﬂ
B=MJEl,

where variables N, V, M, u, w, fi, - i.e., yi, i = 1,6, - are now functions of space

and time. It is assumed that
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yx)=ye(x) + Ay(x.t), (59)

the two parts on the right hand side representing an equilibrium part and a dynamic

part to the solution. Further assuming that

Ay(x.t)= Azs(x)e”

and using the finite-difference formulation on eq. 58, the system of equations for the

Ay, results. This system is of the form

[A{Ays} — 2’[BI{Ay,}=0 (60)

from which the eigenvalues 1 can be determined. It was found that the eigenvalues
of the dynamic stiffness matrix were also complex. Thus the dynamic stiffness anal-
ysis did not offer any advantage over the examination of the eigenvalues of the ori-

ginal A matrix in eq. 53.
COMPARISON OF CLOSED-FORM AND FINITE-DIFFERENCE SOLUTIONS FOR THE
SHALLOW ARCH

Several important cases of shallow arch response were studied with the finite-
difference formulation, and the results were compared with the closed-form solution.
The load-midspan deflection relation of a spring-reinforced arch with A=1.5and k=2
is shown in fig. 3. These values of the parameters result in limit point behavior. Both
the closed-form solution, the dashed line, and the finite-difference solution evaluated
at distinct load levels, the asterisks, are shown. VThe numerical values were gener-
ated by increasing the load from zero and proceeding to the load level represented
by the asterisk just to the lower left of the limit point. At this point the eigenvalue
strategy was used to move to a point represented by the asterisk just to the lower
right of the limit pbint. The load level was then decreased and the solution continued.

Moving the numerical solution past the second limit point, point L’, was accomplished
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in a similar manner. Without the eigenvalue strategy, it would not be possible to
move the numerical solution past either limit point. The numerical solution could be
made to have as many discrete points as desired, the number shown in fig. 3 being
selected simply for purposes of illustration. The load-thrust relation for this same

case is shown in fig. 4.

_ Figure 5 illustrates the response of an arch with the parameters chosen so it exhibits

bifurcation behavior as the load increases from zero. For this case,
J=25and k=10. At point C, the load-deflection relation can either continue with the
- load increasing to the limit point, or the relation can branch to a secondary path, the
load decreasing with increasing deflections. Whereas the solution path from zero
load to the limit point represents arch response that is symmetric with respect to the
midspan, the bifurcated solution path represents arch response that is not symmetric
with respect to midspan. To be forewarned that the solution was about to bifurcate,
— "the eigenvalues of the coefficient matrix were computed as the load increased from
zero. For this problem there were real as well as complex eigenvalues. Fortunately,
—= one of the real eigenvalues tending to zero provided an indication that a bifurcation
point was being approached. There is no guarantee with the mixed formulation that
any of the eigenvalues have to be real and provide an indication of the impending

bifurcation. This, as mentioned at the onset, represents an important disadvantage

to the mixed approach.

The move onto the secondary path was accomplished with the eigenvector associ-
ated with the real eigenvalue that did approach zero. If the eigenvector was not used,
the solution would continue on the primary path and the eigenvector continuation
— approach could be used to move past the limit point, as in fig. 3. If the solution was
on the secondary path, the move back onto the primary path at D was no particular
problem. The load-thrust relation for this case is illustrated in fig. 6. The interesting

feature to note is that if the response is on the secondary path, CD, the thrust remains
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constant even though the applied load decreases as the arch deforms. On the pri-
mary path both the thrust and the load change values as the arch deforms. It is also
important to note for the case shown in figs. 5 and 6 that to move onto the secondary
path, the load must decrease. If the load increases, the response remains on the
primary path until the limit point. At this point, under load control the deflections then
jumps to the remaining portion of the primary path, as in fig. 2a. If under displace-
ment control at the limit point, the load must decrease for the displacements to in-

crease. As can be seen, the finite-difference with the continuation method and the

closed-form solution agree perfectly.

To ha\;e the ability to increase the load, yet not experience the snap-through at the
limit point, the behavior shown in fig. 7 is desirable. This figure illustrates the cor-
relation between finite-difference solution and the closed-form solution, but it also il-
lustrates a useful response. If the spring stiffness is increased so k=25, the arch
midspan deflection behaves as shown in the figure. As the load is increased from
zero, a bifurcation is encountered at C. The response can move to the bifurcated path
and the load can continue to increase, with moderate increases in deflection. Thus,
with the proper choice of spring stiffness, neither the decrease in load required in fig.
5 and 6, nor the sudden jump in displacement due to limit point behavior have to be
tolerated. This is a significant finding, one that has important physical implications.
As noted in fig. 8, on the bifurcated path the thrust is not influenced by the load level.

This also has important ramifications.

Despite the success of the finite-difference approach coupled with the continuation
rmethod, as indicated by the excellent agréerhent of the tast several figures, the
method was not based on principles that would guarantee success with all problems
encountered. Hence the entire problem was reformulated with a displacement-based
finite-element approach. With a displacement-based approach, the coefficient matrix

that results would be symmetric and thus its eigenvalues real. In addition, positive
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definiteness of the matrix, or the lack thereof, can be used to study stability of the
response as the solution bifurcated. As an alternative, the classic dynamic stability
approach could be used. The following section outlines the finite-element formu-
lation.

FINITE-ELEMENT FORMULATION FOR A GENERAL ARCH

Basic Definitions

The finite-element approach was formulated using the Principle of Virtual Work. The
Principle of Virtual Work requires that the internal work of a system equal the external

work, i.e.,

O Wit =0 Wey (61)

The internal and external virtual work expressions for a general arch with a center-
span load and linear spring are developed in detail in Appendix A. The basic as-
sumptions used to develop the virtual work expressions are that the strain of the
reference arc is small compared to unity, the Kirchhoff-Love hypotheses govern the
strain of parallel arcs, the rotation and rotation gradients as given by inextensional
theory are sufficiently accurate for a small strain (extensional) theory, the material is
linear elastic and that the normal stress components in Hooke’s law can be neglected
with respect to the hoop normal stress, and that the reference arc passes through the
centroid of each cross section. The virtual work expressions are (see also the sum-

mary of the deep arch in Appendix A).

S
0 Wint=J 6§,Tg dso-
0
and (62)

£ —
6 Weyy=Pow,, + K(Z — {0)[.(_°7w_'“)_5wm ——-l—]{-ﬂéum]

where
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£=Jly—wpl? + (63)

The quantity ¢, is the original length of the initially vertical spring and 7 is the length

after deformation. In the expression for internal work, the generalized strain vector

}:0
£={ } (64)
ﬂf

in which the prime means derivative with respect to arc length coordinate s,, and the

N
z={ }=§£, (65)
M

is

stress vector is

where the elasticitry matrix is:

EA —Elk,
C= ) R (66)
—Elk,  EI

In the elasticity matrix the following definitions are used:

— 1 - ¢
A—Jj\té—xod/\ and |-\[deA (67)
A A

where the k, is the curvature of the initial configuration and { is the thickness coor-
dinate measured from the centroid. Expanding, the strains can be written in terms

of the displacement gradients as
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11+ Ir2 and o —N— . (68)

Eo=r'|' + 5

The displacement gradients are defined by

It=u — k,w and TI'y=w + x.u. (69)

(Note that the "0” subscripts on the tangential and normal displacements of the ref-
erence arc used in Appendix A have been dropped here for convenience.) The vari-

ation in the strains are

Seg=(1 + T)6T; + Tyl

op = + oy -
12 r2 (1- rij)ajz N

Incremental Form

Using an incremental formulation to solve for the unknown displacements, the sub-

stitution
u—u + Au  and w-ow + Aw @n
is made, and all dependent variables are linearized in the increments. Thus

r,=T; + ATy and Ty=Ty + ATy, (72)
where
AT;=Au’ — k, Aw  and Aly=Aw' + k,Au. (73)
The incremental strains are

£,=6, + Aty and  f=f + Af, (74)
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where

ACO=(1 + rT)ArT -+ rN ArN

S enp
N

AR =

Incrementing the actual displacements in the strain variations results in

or'y Mol IM'vATly
o = + 32 + A o'y
- _ oy
J1-T4 (1-m) (1-TW) (76)
WAy (1 +2r3)
M T T ]

Introduction of Finite-Elements

At this point the displacement interpolations for a seven degree-of-freedom element
with three degrees of freedom in the tangential displacement - one at each end of the
element and one at the center - and four degrees of freedom associated with the
normal displacement w and w’ are introduced. The result is that

u=H,0, Au=H,AL, Su=H,5]

77
w=H,, Aw=H,Al, dw=H,50.

In the above the seven nodal displacements are

28

[

1 1 a4 [ [} 10 4w il Ty



{1

1

B fr- 1 i

firer

and the shape functions are

Hy=[H44(s,), 0, 0, Hyu(s,), O, 0 Hy7(s0)1 s

and
H, =10, Hyy(So). Haa(So): 0, Hos(So). Hag(So), 0]
with
2
2(so —So1) 1 2(s, _801)
— —_— 1
hel hel
HH(SO): 2 - 2
2
2(30 _501) -1 2(50 _501) 1
hel ) hel
H14(SO)= D + 2
2
2(s, —S
Hyz(so)=1 — ( (oh ‘ o) *1> . So1 £ Sg X Sp
e
and

(78)

(79)

(80)
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2
S,— S S,— S
H”(SO)=1 __ 3< o) o1 ) + 2( [¢] 01 )
hel he!

2
5,— S

H23(So)= - (so— 501)(1 - h o )
el

2 3
S, — S S,— S
H25(50)=3< So o ) _ 2( Sorfar )
S S ? S S
- 1 - 1
H26(So)= - (So - So1)<( < hei 2 ) - ( = hel > )) . Sp1 £ So < Sy

where s, is the arc-length location of the left end of the element, s, is the arc length

(81)

location of the right end, and h, is the arc length of the element. See Fig. 9 for a
sketch of the element. Substituting the shape functions into the strain and strain

variations leads to

beo=B4(WA0, (82)

where By(0) is a 1 x 7 matrix given by

By =By(i)=Hy — koH, + GT(H'y — KoHo) (H'y — KGHp)

i (83)
+ HT(ﬂ'z + Koﬂ1)T(ﬂ'2 + KoHq) .

and

3 =B,(W)al (84)
where B,(0i) is a 1 x 7 matrix given by

= By(l) = ————(H" + KoH',)
J1-T2
) (85)

I'n'n

in the above
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TR=0"H" + H) (H + wkoH (86)
MWy =u'(H' + xoH) (H, + xoH') - (87)

Also the incremental strain and incremental displacement relations are
Ae,=B,Al and AR =B,Al. (88)

Incrementing the actual displacements in the strain variations, these incremental

strain variations can be written as

56, =B,(0)30 + Au'DSY  and  3f =B,(1)50 + AuE[)SU, (89)
where
D=(H'y — xoHa) (H's — koHy) + (H'5 + roHy) (H'y + iqHy) (90)
and
. r
E(U)= N T(H, + roH) (Hs + ioH') + (H7; + oH') (Hy + KoHy)]

(1-TR)*?
(14 2r%)
(1-T2)"

(91)
[(H, + KeH) (H'y + KoHY)].

Note that the 7 x 7 matricies D and E are symmetric. Using the expressions for the
incremental strain variation, the strain variation, and Hooke’s law, the internal virtual

work for an element can be written

Wi =30'R + 80'TK + KsIAL . (92)

In this expression
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T T EK ‘_ETKO §1 n
R:J. [51 52] - _ uds,

ng B'CBds,, (94)
h

and

Ke =J (—B1Q_D_ + C_B.QQE) ds, - (95)
heI

Here K + K. is referred to as the tangential stiffness matrix. It is evaluated numer-

ically, specifically, by using Simpson’s integration rule. An issue is the number of

intervals to be used to evaluate the integral. This is addressed in the next section.

The actual displacements in the external work are also incremented to give
OWex = Powp,

+{Qy — KunAWy = KyiAup)dwy, (96)
+ {QT - KTNAWm - KTTAUm}(SUm o

in which the incremental quantities from the spring are

Qn=Fs(fo — W)/t
QT= _Fs(um/{)
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The incremental expression for the internal virtual work can then be set equal to the
incremental expression for the external virtual work to solve for the displacements in

an incremental fashion.

This completes the outline of the finite-element formulation. it is totally
displacement-based and hence the eigenvalues of the stiffness matrix are expected
to be useful for the analysis of instability.
COMPARISON OF CLOSED-FORM AND FINITE-ELEMENT APPROACHES FOR THE
SHALLOW ARCH

Initial Behavior

Before implementing the eigenvalue continuation scheme within the finite element
method the inital response of several shallow arches, beginning from zero load and
displacement, was compared using the finite element method and the closed-form
solution. In fig. 10 the comparison for one of the shallow arches is illustrated. Four
elements are used and four intervals in the application of the Simpson’s rule are used
to approximate the integrals in the tangent stiffness matrix, eqs. 94 and 95. This case
has no spring, k=0, and a value of the arch rise parameter 1 =0.7656 which produces
load-midspan deflection behavior that is monotonically increasing everywhere along
the path. There is no bifurcation or limit point for this case. Clearly, the finite-
element analysis and the closed-form solution are in complete agreement. In fig. 11
comparison is made for the value of 1= 1.5, k again being zero (no spring). This value
of ] results in limit point behavior. As can be seen, at the limit point the finite-
element analysis responds to an increasing load level by jumping to the other portion
of the solution path. In fig. 12 a case of bifurcating behavior is shown, the value of 1
being 4, k still being zero. In the finite-element analysis, as the load is increased
from zero and the bifurcation encountered, the solution responds by remaining on the

primary load path. For this case the load was not increased beyond the limit load.
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The finite-element formulation and closed-form results agree very well for the initial
response (response before limit point) of the shallow arch. The influence of more
elements or more integration intervals was not explored because of the good agree-
ment with what was felt to be a rather crude model.

Behavior with Singular Points

To be able to continue solutions through limit 'poirn'rs and to branch on to bifurcated
paths, an eigenvalue continuation method, similar to that used with the finite-
difference scheme described earlier, was implemented in the finite-element analysis.
As a bifurcation point or limit point is approached, one of the eigenvalues of the tan-
gent stiffness matrix will approach and pass through zero. In the displacement based
finite-element formulation the eigenvalues of the tangent stiffness matrix are all real
and thus the existence of a zero eigenvalue clearly indicated the singular nature of
the tangent stiffness matrix at bifurcation and limit points. At a bifurcation point the
elgenvector assoclated With the zero eigenvalue is asymmetric. [f the solution at a
load just prior to the bifurcation point is modified by adding to it this eigenvector
(normalized) and multiplied by a scale factor, a solution on the bifurcated path can
be found. Once on the bifurcated path, the usual solution technique can be used to
continue along the path. At a limit point the eigenvector associated with the zero
elgenvalue is symmetric. If the scaled eigenvector is added to the solution at a point
jusf before the limit point, a point on the prath just after the limit point can be deter-
mined. As with the bifurcated path, once a solution past the limit point is found, the

arch response can be followed using the standard solution technique.

Figures 13, 14, and 15 show the agreement between the finite-element solution and
the closed-form solution when the eigenvalue continuation scheme is used in the vi-
cinity of bifurcation and limit points. Figure 13 illustrates the case with nondimen-
sional spring stiffness k =2 and 1 = 1.5. With these parameters the arch will exhibit

limit point behavior with no bifurcations. The load-midspan deflection relation, be-
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ginning at zero load, is determined by using the solution at the previous load as the
initial guess to the solution at the next load step. This process is repeated until the
limit point is encountered. Using the solution at the point just to the lower left of the
limit point, the eigenvalue continuation scheme is used to determine the solution at
the point just to the right of the limit point. From this point the load level is decreased
stepwise and the remainder of the relationship is generated, each load step using the
solution at the previous load step as an initial guess. The notation ‘batch” and
‘interactive’ in fig. 13 refers to the fact that two computer codes were written for the
finite-element formulation with the continuation. The batch program automates
somewhat the steps necessary to continue the solution past a limit point. The inter-
active program requires user intervention and allows the user to vary the parameters
associated with the continuation scheme based on the nature of the solution, the

eigenvalues, and the eigenvectors.

Figure 14 illustrates the agreement between the finite-element and closed-form sol-
utions for an arch with 2 = 2.5 and k = 10, an arch which exhibits both limit point and
bifurcation behavior. At the bifurcation point the solution can continue along the
symmetric path using the standard solution technique, or the solution on the
bifurcated path can be determined using the eigenvalue continuation scheme. Note
that the eigenvector associated with the eigenvalue that approaches zero at the
bifurcation point is asymmetric. At the limit point the eigenvalue continuation
scheme can be used to move past the limit point. Again, once a point on the
bifurcated path is found, or a solution past the limit point is found, the standard sol-

ution technique can be used to follow the arch response.

Figure 15 shows the agreement between the finite-ele:..~nt and closed-form solutions
for a shallow arch that exhibits bifurcation behavior but no limit point. The parame-

ters for this arch are 1 =25 and k=70. For this arch the eigenvalue continuation
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scheme is necessary only to get onto the bifurcated path, the symmetric path can be

followed using the standard solution technique.

In summary, for the shallov»{ arch, the finite-element formulation and the closed-form
results agree very well, both on primary paths and on adjacent equilibrium paths,
which are reached with the finite-element method by using the eigenvalue continua-
tion scheme. All the arches which used the eigenvalue continuation method were
modeled with 16 elements and 8 integration intervals. The influence of the number
of elements or the number of integration intervals was not investigated due to the

good agreement with the closed form solution.

COMPARISONS FOR NONSHALLOW ARCH USING FINITE-ELEMENT APPROACH

Huddleston [3] published a series of papers dealing with the response of deep
arches. Huddleston obtained numerical results from his first-order formulation by
using the so-called shooting method. With this method, a boundary value problem is
converfed to an initial value problem. Using conditions at one boundary, a
predictor-corrector method is used to integrate the governing differential equations
and compute the conditions at the other boundary. If the conditions at the second
boundary do not match what the boundary conditions there should actually be, the
initial boundary conditions are adjusted, and the process repeated. The process is
repeated until the boundary conditions on both ends of the arch match the desired

conditions. To compare with Huddleston, nomenclature peculiar to that formulation

must be introduced. Specifically,

2
. y
1 ” ey A (98)

which is a modified second moment of the cross-sectional area, where

ko= initial curvature of arch. (99)
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Quantity I’ in eq. (98) is identical to the quantity 1in eq. (67). Also

A = midspan displacement

DELV= LY = nondimensional displacement

L
pL®
Q= = = nondimensional load (100)
CRUX = =compressibility parameter
AL,

REL =H/L = height ratio .

Since Huddleston reported the numerical values of the nondimensional parameters,
there are wide choices of values forrthe physical dimensions of the arch that can be
used and still duplicate the values of those nondimensional .parameters. A compar-
ison with Huddleston for the case of CRUX=0 and REL=0.25 is shown in fig. 16.
(Note, to have CRUX=0 the arch has to be infinitely thin, so that the radius of gy-
ration, /A , is zero. Alternatively, the arch has to be infinitely long. These are both
extremes and cannot be duplicated exactly by the finite-element formulation.) In fig.
16 two finite-element descretizations, 16 elements and 32 elements, two levels of
Simpson’s rule integration accuracy, four intervals and eight intervals, and two ab-
solute arch thickness are included in the figure. The value of L was chosen to be 16
in. The material considered was aluminum, with Young’s modulus of 10 Msi and
Poisson’s ratio of 0.3. The results from Huddleston were obtained by interpolating
from the figures in ref. 3. Initially, to compare with Huddleston, 16 elements and four
integration intervals were used, and the arch thickness, h, was chosen to be 0.1 in.
This led to a value for CRUX of 0.32 x 10 5. The calculations with these parameters
are represented by the open squares. The finite-element calculations were stiff rel-
ative to Huddleson’s results, the asterisks. To overcome this, the finite-element re-
sults were computed for the case of a thinner arch, h=0.01in,, the open triangles.
The value for CRUX in this case is 0.32 x 10 7. Though this is a more flexible arch,
and should lead to less stiff response, the response was actually much stiffer than for

the thicker arch. This was surprising. However, this result can be attributed to the
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following: For both the thick and the thin arch a certain percentage of the strain en-
ergy is due to bending strains, and the remaining percentage is due to extensional,
or membrane, strains. For the thinner arch there is very little strain energy due to
bending. Unfortunately, the element displacement field is represented only by a
quadratic polynomial for the extensional motion, u(x), but it uses a cubic polynomial
for the out-of-plane, or bending, motion w(x). Though the element does not “lock’ in
the classic sense of finite-elements, it tends toward locking behavior in the exten-
sional mode and is thus overstiff for elements which have a higher percentage of
strain energy In extensional effects than in bending effects. The thinner element thus

shows this tendency to be overstiff.

To further study this locking tendency, and to minimize it, the number of elements
Wés doubled”and the results usinéiitwo' thickness again céimpared. With more erle—
ments, the stiffness of the finite-elemeﬁt model more closely matches the resuits of
Huddleston. In fact, with the thicker arch, the solid squares, the results compare well.
As the case of the thinner arch, the solid triangles, is stiffer, the membrane stiffening

effect is again evident.

To study the effect of the number of integration intervals, and to determine if tﬁis had
any influence on the stiffness of the model, the thicker arch and 16 elements were
again used but with éight-instead of four trapezoidal integration intervals. These re-
sults are shown as solid circles and it is evident the number of integration intervals

has little influence, as the solid circles and the open squares are practically coinci-

‘dent.

After determining the number of elements, the number of integration intervals, and
the physical parameters of the arch necessary to favorably compare the finite-
element results with those of Huddleston for the intital arch response, the eigenvalue

continuation method was tested. Using the arch with h=0.1 and L = 16 which results
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in CRUX=0.32x10% and REL=0.25, and 32 elements, the eigenvalue continuation
scheme was used to branch onto the bifurcated path and to move past the limit point.
The comparison of the finite-element results and Huddleston’s results are shown in
fig. 17. Again the values for Huddelston were obtained by interpolating form the fig-
ures in ref. 3. As illustrated in fig. 17 the finite-element results compare quite well
with Huddleston’s results. However, with the deep arch the bifurcated path and the
symmetric path on the other side of the limit point were more difficult to follow than
they had been in the shallow arch. Smaller load steps were necessary to be able to
continue on the curve after an initial equilibrium solntion on the adjacent path had

been found using the eigenvalue continuation scheme.

FINAL COMMENTS

Presented has been a summary of a rather extensive study of a complex yet funda-
mental problem. The problem is complicated by the existence of multiple equilibrium
solutions. A finite-element formulation with a scheme to aid in finding the multiple
solutions has been developed and discussed. Comparisons with other solutions are
good and lend credibility to the formulation. A users guide for the program written
to implement the finite-element formulation is provided in Appendix B. At this point
a variety of arches should be studied to better understand the character of the for-
mulation, and to interpret how the formulation actually represents and interprets
particular physical characteristics of arch response.
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Fig. 1

- Geometry, loading, and nomenclature for shallow arch.
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Seven degree-of-freedom arch element.
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Appendix A

Derivation of the Governing Equations -

The governing equations for the static equilibrium configurations are developed first
for deep arches, and then specialized for shallow arches. We consider the large

displacement response of elastic arches in the plane of their curvature.

DEEP ARCH

Kinematics

The initial, unstressed configuration of the arch is characterized by a éymmetric plane
curve, or reference arc, whose arc length coordinate is denoted s., and whose cur-
vature in the planer,rxo, is of one sign. Coordinate s,=0 at the left end and s,=3S at
the right end. The origin 0 of a right-handed cartesian system (x,y,z) is at the left end,
with the x-axis passing through the end points, the y-axis perpendicular to the plane
of arch, and the z-axis in the plane of the arch. See Fig. A.1. The unit vectors 1 l and
l:( denote the positive cartesian directions x, y, and z, respectively. A point on the
réference arc has a positi{)n vector ry(s,) measured relative to the origin 0. Let '_l_' and
TSI denote unit tangent and normal vectors, respectively, of the reference arc at s..

The differential geometry of the reference arc is represented by

dLo A di I d& A A
dSO_I’ dSo_KON' dSo_ —KOI (1)

in which the unit normal N is directed to the concave side of the reference arc.

The material point with position [.(s.) in the initial configuration occupies the point
defined by position vector T, in the deformed configuration. See Fig. A.2. We intro-
duce the displacement vector A, such that
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whose components are

Ao = Uy(So) i(so) + wy(s,) &(50)'

The differential of eq. (2) is

. dr, dj,
d~°=(—dso + ds, ds, .

Using eqs. (1) and (3), this differential is written as
+ Ay N
di,=[(1 + TPT + TN ds,

where the components of the displacement gradient are

rT = U'O - KOWO

— r
My=w, + xgu,

and the prime means ordinary derivative with respect to s..

(A.2)

(A.3)

(A.4)

(A.5)

(A.6)

Line element dr, of

length ds, in the initial configuration displaces and rotates to line element dr, of

length ds; in the deformed configuration. Since (ds;)?=dr; ® dr;, we have from eq.

(5) that

(dsg?=[(1 + Tp? + 7 ](ds,).

The stretch ratio A, is defined as ds;/ds,. Thus from eq. (7)

22=(dsyfds,)?=(1 + T + T

Green’s strain ¢, of the reference arc is defined by

(ds:,)2 — (dso)2= 2£O(dso)2

(A7)

(A.8)

(A.9)
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which from eq. (8) can be written as

1
£y = 3(13 —1) (A.10)

or
fo=Tr + =T5 + 5 Th. (A1)

Similar to eqgs. (1) for the initial state, the differential geometry of reference arc in the

deformed state is given by

d,[:) A di t A dﬁ y A
—= 1. T T Ko, = Kl (A.12)
ds, ds, ds,

in which x, is the curvature at s,. From the first of egs. (12), and eqgs. (5) and (8), the

unit tangent vector is

f=t(+rpT+ -y N (A.13)
/10 ~ JO b

We define the rotation of line element dr, in the initial state into dr, in the deformed

state by the angle . Angle f§ is measured positive clockwise from 'j’ to i such that

cos f3 i + sinfl & (A.14)

2>
]

Comparing eqgs. (13) and (14) gives the trigonometric functions of the éng|e finterms

of the components of the displacement gradients as

docosfi=1+ Ty 7 (A.15)
Aosin i=Ty. (A.16)
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Taking the derivative of£ in eq. (14) with respect to s;, using the chain rule and eqgs.

(1) and (8), and comparing this result to the second of eqs. (12), we find that

doko=f' + Ko (A.17)
A A I
n=—sinfi T+ cosfi N (A.18)

where fi is the unit normal to the reference arc in the deformed state at s,. The unit

vector n is rotated 90° clockwise with respect to the tangent vector 1

A parallel arc to the reference arc in the initial state is defined by the position vector

1Z>

r=r, +¢{ (A.19)

in which { is the coordinate along the normal at s,. Coordinate { is constant for a

parallel arc. Using egs. (1) the differential line element tangent to the parallel arc is
dr=(1 — {kp)ds, i’, { = constant . (A.20)

The magnitude of eq. (20) is
ds=(1 — {k,)ds, (A.21)

in which ds is the arc length of the parallel arc. A material point located by position
vector 1 in the initial state is located in the deformed state by position vector . The
displacement of this material point on the paralle! arc is given by the vector differ-
encer — r, and we invoke the Kirchhoff-Love hypothesis to relate this displacement
to the displacement of a material point on the reference arc. The Kirchhoff-Love hy-

pothesis is
- 1=4 + (R - N). (A.22)

Using egs. (19) and (2) this becomes
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r=r + {0 (A.23)

The differential of r" in eq. (23) is

+

dr =dr, + {d

~

(A.24)

13>

which from the relations in egs. (12) may be written as

dr =(1 — Zio)ds, t - (A.25)

Thus, the magnitude of eq. (25) is the differential arc length on the parallel arc in the

deformed state; i.e.,

ds = (1 — {x,)ds, (A.26)
The stretch ratio for the parallel arc is defined as
A=ds [ds (A.27)
which from egs. (21) and (26) becomes
A=2(1 = L)1 = txo). (A.28)
Finally, the Green’s strain for a parallel arc is
e= = (1 - 1) (A.29)
ot in view of eq. (28) and (10) this becomes
P2
£=-%— (1 + 2@(%—%) —1]. (A.30)
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Equilibrium

Consider equilibrium of an infinitesimal element of the arch in the deformed state.
The internal actions are a force vector F' in the plane and a moment vector Mi Mo-
ment M" is positive clockwise acting on a positive s; face. Static equilibrium in the

limit as ds, — 0 requires

+

dE
+* =0
d
%o (A.31)
dM. lj\ + ix f' =0.
ds, ~

At the point s,=s., where the spring is attached and the applied downward load P
acts (Fig. A.2), eqgs. (31) are invalid and they are replaced by the transition equilibrium

conditions. These transition equilibrium equations are

[E'(sm)]=Pk + Fd

[M(sm)]=0

(A.32)

in which the [@] means the difference between the quantity Q in the brackets eval-
uated on the right side of s, and the quantity evaluated on the left side of Sm. The

spring force vector acting on the arch is - F.u, where

Fs=K(& — £0) (A.33)
and
L=k + Bolsm)- (A.34)

In egs. (33) and (34) £, and ¢ represent the unstretched and stretched spring lengths,
K is the spring stiffness, and A.(sm) is the displacement vector of the arch at the

spring attachment point (midspan). The magnitude of the vector eq. (34) is
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=, — w,) + u5 (A.35)
A A A A A A 2

in which Au(Sm)=Wm N(Sw) + Unm T(Sm), k®N(sn)= —1, and i®T(s.)=1 for the
midspan location on the symmetric arch. The unit vector u is directed from the base —

of the spring along its line of action toward its connection to the arch in the deformed
state. From eq. (34) &
£ — Wp A Up » -
A — [*} m m A -

u A (A.36)
Virtual Work =
Consider an infinitesimal virtual displacement of the arch from its equilibrium con- -
figuration in the deformed state. The increment in the virtual work of the external -
-

loads (P and F,)is

N A s, -

W= P(— k) + Fs(—8) ] ® 6ro(sm) (A.37)
é

in which dr, denotes a kinematically admissible virtual change in position. Using the
first egs. (32) this expression becomes =
Wey= — [ E (5m) ] ® 8o(sm) - (A.38) -
Equation (38) is equivalent to Z%
Sm s, d(or. . %

Wy = j + f E'e ——(—N,o)—dso. (A.39)
0 s:,‘ ds, =
a

~ since the ends of the arch are immovable and the internal force vector is spatially _

constant on the open intervals 0 < s, < s, and s, < s; < S via eq. (30). Immov-

able end points imply the kinematically admissible variations must satisfy
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3r,(0)=8r,(s’)=0. (A.40)

The virtual displacement is performed following a material point which is identified
by a fixed value of s, in the initial state. Thus, dr, implies a change in position (dis-
placement) holding s, fixed. As a result, the variational operator “6” and ordinary
derivative d( )/ds, commute, but 6" and d( )/ds; do not. Using the chain rule a cou-

ple of times, the spatial derivative of the variation in the integrand of eq. (39) may be

manipulated as follows

_ Sk g .
= t+ 880 (A.41)

In the second step of the above manipulations egs. (8) and the first of egs. (12) were
used to rewrite the spatial derivative, and in the last step the variation of the unit
tangent vector was obtained from eg. (14) recognizing that unit vectors i’(s,) and

El(so) do not vary since s, is fixed. Substitute eq. (41) into (39) to get

sw [ °T . 84, . .
ex=| | |Fe— + Fadf|ds, (A.42)
0 o

m

in which F; and F, are the tangent and normal components of F in the deformed state.
The second of equilibrium egs. (31) can be used to eliminate F, in (42) in terms of the

derivative of the moment. That is,

65



Sm s 64 dM’ .
5wext=j + f [Ft ° 5/f:|dso. (A.43)

0 Ao ds;

m

The following identity is valid for simply supported ends (M'=0) or for prescribed end

rotations (fi) (also note M* and § are continuous at the point load)

5
f d_(M'sp) ds,=0.
o ds,
Expanding
T . S o d :
J- — 0ff ds,= —I M ——(6f )ds,
o ds, 0 ds,

. (A.44)
S + 1 .
= ~j Mép T ds, .
0 o
Substituting eq. (44) into (43) and changing the integration variable from s; to s,, we

get

Sm

S
Wy = j + f [Fidd, + MSg'] ds,. (A.45)
sm

0

The right hand side of eq. (45) is the internal virtual work, i.e.

s

éwint = I
0

m

S
+ J [Fi6d, + M8p] ds,. (A.46)
sm

By eq. (45) we have shown, for an arch in equilibrium, that the internal virtual work
is equal to the external virtual work for every kinematically admissible variation of the

displacements with respect to the actual equilibrium displacements. In the finite el-
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ement solution we use the converse of this statement; i.e., we impose W= éW,, for

every kinematically admissible variation to ensure equilibrium of the arch.

From eq. (46) the internal virtual work of the arch in the deformed state per unit arc

length of the initial state is
SW, =F 84, + M. (A.47)

The force and moment components in eq. (47) are defined in terms of the normal

(Cauchy) stress component 1,, in the deformed state by

(F{,M')=I teo(1, — {)dA (A.48)
A
in which A is the cross-sectional area of the arch. The cross-sectional area does not

change from its value in the initial state in the theory. Substituting eq. (48) into (47)

results in

Wy = fArss(«uo _ L5p) dA (A.49)

which can be rewritten in terms of the variation of the parallel arc stretch ratio (see

egs. (28) and (17)) as

5W'im=J 1041 — {K,) dA. (A.50)
A

Division and multiplication by 1 in the integrand of eq. (50) gives

SW' = L(rss/z) 164 (1 — x,) dA. (A.51)
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The result in eq. (51) is written as

(Swrint:.[ Sss(s‘: (1 - (Ko) dA (A52)
A

in which S.( = T../1) is the second Piola-Kirchhoff normal stress defined in the initial
state, and ¢ is the first variation of Green’s strain for a parallel arc; see eq. (29). The
second-Piola Kirchhoff stress tensor and Green’s strain tensor are the conjugate
variables frequently used for finite element analysis of finite deformation in solid

mechanics.

Approximation for Thin Arches and Small Strains

The Green’s strain ¢ is a quadratic function of the thickness coordinate and curva-
tures as shown by eq. (30). For thin arches |{x.| < hk,, where h is the arch thick-
ness, and hk, is small with respect to unity. We approximate the strain of a parallel
arc for a thin arch as follows: Multiply eq. (30) by the factor (1 — {k,) and expand the

right hand side of this result in a power series in { to get

(1 = leJe=t0 — L[(1 + 2e)p — (1 + 2000 ] + 0(%). (A.53)

Now we assume that the strain ¢, of the reference arc is small with respect to unity,
and neglect terms quadratic in { in eq. (53), to get

g0 = Lo ~ o)

= i) (A.54)

[ Had

Equation (54) is used to approximate the small strain behavior of thin arches.

The approximation to the strain in eq. (54) is substituted into the expression (52) for

the internal virtual work per unit initial arc length to obtain

SW' i = Nbzg + MK, (A.55)

68

U (]

fil

l

L

I

N/ Il



in which the second Piola-Kirchhoff stress resultants are

=] st~ 0. (A.56)

Equation (55) shows that N and &, and M and (k, — k), are conjugate variables. The
Green’s strain for the reference arc is given in terms of the displacement gradients
in eq. (11). The change in reference arc curvature x, — K, is determined from egs.
(15), (16) and (17). Consistent with the assumption of small strains, the stretch ratio
lo~ 1, since A2=1 + 2¢,. Thus for small strains eq. (17) determines the change in

curvature as

K, — Ko = . (A.57)

The expression for the rotation gradient in terms of the displacement gradients I';
and Iy is determined by differentiating eqs. (15) and (16) with respect to s,, and then
solving the resulting two simultaneous equations in A.ff' and A’s. The result of this

procedure is

Aof'=(cos fi) T'y — (sinf) Ty

Vo=(sinf) Ty + (cosf) I'y. (A.58)

In regards to computing the rotation f (see egs. (15) and (16)) and the rotation gradi-
ent f’, under the assumption of small strains, it is reasonable to consider an inex-
tensional theory. That is, A, is identically equal to unity for all displacements. This
inextensional constraint implies 4’,=0 in the second of egs. (58) and 1,=1 in the first
equation. If the resulting system is used to eliminate I''y, then the rotation gradient

is

Iy Iy

cos f8 - m

§ = (A.59)
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since eqs. (15) and (16) imply
cos =1+ Ty=J1 - T} (A.60)
sin i=Ty. ‘ (A.61)

In the inéxtensional theory, the displacement gradient I'y and its derivative are elim-
inated terms of gradient I'v and i'{s derivative as shown by eqgs. (59) to (61). We as-
sume for an extensional arch theory with strains small with respect to unity that the
rotation f§ and its gradient are given with sufficient accuracy from eqs. (59) to (61).
Equation (60) implies the range of rotations considered in the theory is
— 2 < B < +mnf2. f|pl=n/2,thenTy=1, Ty=—1. and I'""y=0 so that eq. (59)
for ' becomes an indeterminate form. Consideration of eq. (54), and that the strains

are assumed to be small compared to unity, implies |hp'] should also be small

compared to unity. Finally, since k; — k.= [}’ then dk; Sf' and the internal virtual

work (55) becomes

S
SW = j (NS, + MSS) ds, . (A.62)
0

Hooke’s Law

For a linear elastic, isotropic material, and neglecting the transverse normal stresses

with respect to stress S, for the arch, Hooke’s law is simply

S =F ¢ (A.63)

in which E is the modulus of elasticity. Substituting eq. {(54) for the strain in (61), and
substituting this result into eqs. (56), we get
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where we have taken the reference arc to pass through the centroid of the cross

section such that

fch=o. (A.65)
A

Quantities A and | in eqs. (64) are defined by

— dA - 2dA
A—L 5 I—L T (A.66)

Summary for the Deep Arch

Equilibrium of the arch in the deformed state is imposed by the principle of virtual

work. From egs. (2), (33), (36), and (37), the external virtual work is
{70 — Wn Upn
OWgyy = Powy, + K¢ — ¢,) '—{,——5Wm - 7—5Um (A.67)

in which the subscript m means midspan. The length of the spring in the deformed
configuration is determined from the midspan displacements by the positive square

root of eq. (35). Thus,

r=Jts — Wl + . (A.68)

The internal virtual work referenced to the initial state is given by eq. (62) which is
repeated below.
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S
5wim=f (Née, + MR ds, . (A.62)
0

Equation (11) for the strain of the reference arc, eq. (59) for the rotation gradient, and

egs. (6) for the components of the gradient of the displacement vector are repeated

below for convenience.

1
2

p=T"yJ1— T} (A.59)

rT= u’0 - Kowo}

0o=T7 + =T + =T} (A.11)

rN = W'o + Kolp (A'G)
The hoop force N and bending moment M are related to strain ¢, and rotation gradient

p’ by eq. (64).
SHALLOW CIRCULAR ARCH

Let R, (= 1/k.) denote the radius of the reference arc, o the semi-opening angle of the
reference arc, L the span between supports, and let H denote the midspan rise of the
arch above the line connecting the supports. See Fig. 1. A shallow arch is defined

by a small rise to span ratio H/L. For the circular arch

H/L=a/4 + 0(c®) (A.69)

so that a shallow arch is characterized by a small semi-opening angle. The maximum
slope of the reference arc with respect to the line passing through the supports is o
and occurs at the support points. Since a is small, the slope of the reference arc is

small everywhere on the arc. We move the origin of the x-axis to a position midway

72

| [ iy y [ I |

1

Il

Bl EIT & | al |

i



between the supports with respect to the deep arch development. Thus

—LJ2 < x < Lf2. The symmetric function z,(x) describes the reference arc in the

initial state. A shallow circular arch is described by the quadratic function.

zo()=H[1 — @x/L*]. xe(-L/2,L/2). (A.70)

The initial configuration is described by the position vector
LX) =x 1 + 7,x) k. (AT1)

We prefer to use cartesian coordinates for the shallow arch rather than the curvilinear
coordinates (s, , () used in the deep arch development, as is suggested by eq. (71).
From eq. (71), the differential arc length ds,, unit tangent and normal vectors to the

reference arc, and the curvature are

ds,=+/1 + (5 dx (A.72)
T=[1 + 2o kW1 + @) (A7)

N=[201 - K]/t + @ (A.74)
ko= —2"ol[1 + @] (A.75)

in which a prime now means derivative with respect to x. For a shallow arch
0< |z, << 1. (A.76)
Thus egs. (72) to (75) simplify to

ds,=dx (A77)

T=i+2,k . (AT8)
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N=2', i — K (A.79)

K= — 2. (A.80)

=TI, + A (A.81)
in which the cartesian representation of the displacement vector is
Bo=u(x) 1 + w(o k. (AB2)

in eq. (82), u and w are the x- and z-direction displacements, respectively, of a point
on the reference arc. Note that w(x) is positive vertically upward toward the convex
side of the reference arc, whereas w,(x) for the rdeep arch was defined positive to-
ward the concave side of the reference arc. The line element dr, in thé initial con-
figuration displaces, rotates, and stretches to line element dr, in the deformed

configuration. The differential of r; in eq. (81), using eqs. (71) and (82). is

di=[(1 + u) 1 + @ + w) k]ox. (A.83)
The square of the magnitude of this differential vector is

(dso)?=[(1 + u) + @0 + W) ]dx*. (A.84)
The stretch ratio 1, defined in eq. (8) is determined by egs. (72) and (84) to be

(1wl + @+ W)

A.85
1+ (2'0)2 ( )

2

and the Green’s strain defined in eq. (9) is
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U+ Zo W+ 17200 + 12w
1+ (2'0)2 '

(A.86)

&=

From egs. (83), (84), and (72) the unit tangent vector to the reference arc in the de-

formed state, defined by the first of egs. (12), is

/.\ Al
(1 +ui+ @6+ Wk

don/1 + (20 .

Since the unit normal to the reference arc in the deformed state is rotated 90° clock-

(A.87)

A
L:

wise with respect to ?, we get from eq. (87) that

(e W= (1 + Uk
i= (A.88)

I 1+ @)

The rotation of line element dr, to dr;, was defined by the angle f in eq. (14). Trig-
onometric functions of angle § are determined from egs. (73), (74), and (87). The re-

sult is

locos i=1+ Ty (A.89)
losin f=Ty (A.90)
in which we define
Fr=[u + Zw][1 + @] (A.91)
Tyv=[-w + zZ.uw1[1 + (z'o)"’]q. (A.92)

The quantities Ty and 'y above are the tangential and normal components of the

displacement gradient vector, dA./ds., in terms of the shallow arch variables. The
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curvature . on the reference arc in the deformed state is defined in terms of the ro-

tation f by eq. (17). Using the chain rule and eq. (72), the eq. (17) is rewritten as
. 2112
doko=F[1 + (@] + o (A.93)

where again the prime now means derivative with respect to x. The rotation gradient
[’ is determined by differentiating eqgs. (89) and (90) with respect to x and solving the
resulting two simultaneous equations for 1./’ and 1’,. This procedure is analogous

to that followed for the deep arch (see eqs. (15), (16), and (58)). The result is

ToB' =(cos Py — (sin ATy

No=(sin "y + (cos AT'y. (A.94)

For strains small with respect to unity, i.e., 0 < |&,| << |, the rotation gradient f’
may be approximated in an analogous fashion to the deep arch (see the discussion

of eq. (59)). From eqgs. (94) under the assumption of small strains, we approximate

B’ as

Iy
cos f§

f= (A.95)
For shallow arches eq. (76) is applicable for the initial configuration, but we also as-
sume that the rotation f is the same order of magnitude as the semi-opening angle
a. That is, the inverted'configuration of the arch, or its approximate snapped-through
configuration, would have an end rotation of approximately 2x. Thus, for « small and
respect to unity, the rotation ff is small with respect to, unity, and we can use the small
aﬁgle approximation for the trigonometric functions of f such that cos f ~ 1 and
sin f ~ B. In addition, strains small with respect to unity imply 4, ~ 1 in egs. (89)
and (90). Consequently, for small strains and rotations the order of the semi-opening
angle we approximate the rotation angle by
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fil~Ty. (A.96)
The approximation for the rotation gradient from eq. (95) becomes
o~ Ty (A.97)

which is consistent with eq. (96). Since the approximations imply 1 + T ~ 1in(89),

and that the strain ¢, in (86) is equivalent to
£o=T7(1 + 1‘/2 )+ 12 T3, (A.98)
it is consistent to approximate the strain-displacement relation (98) by
g~ Tp 4+ 1/2 (T, (A.99)

Finally, for shallow arches we neglect the contribution of the displacement u with re-

spect to w in rotation in eq. (96). This implies from eq. (92) that
My ~ —w (A.100)

in which we also neglected the initial slope angle with respect to unity. In terms of
displacements, the approximations to the strains measures for a shallow arch

undergoing small strains are

to=U" + Z oW + 1/2(w) (A.101)
f=—w (A.102)
p=—w" (A.103)

Ky — Ko=f (A.104)

The internal virtual work for the shallow arch is the same expression (62) developed

for the deep arch except that the strains are given by eqgs. (101) and (103) and
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ds, ~ dx (see eq. (77)), where —L/2 < x< L/2. We assume Hooke’s law for the

shallow arch is the same as for a straight beam, such that

N=EA ¢, M=El f (A.105)

where A is the cross-sectional area and | is the second area moment. The ex-
pressions for A and | are given in egs. (66) for A and 1, respectively, except 1 — (k,
is replaced by unity in the denominator of the integrands. Since the arch is linearly

elastic the internal virtual work is the negative of first variation of the strain energy

U; i.e.,

where

L

2
(Ne, + MpY) dx. (A.107)
=L

B

cC
Il
(VTN
—

The external loads P and Fs acting at midspan are also conservative mechanical
forces. The applied load P is assumed to be a deadweight load. Thus, the potential

function Q for the external loads is
Q=Pw(0) + 1/2K(# — £,). (A.108)

The axial displacement u is smaller than the lateral displacement w for the shallow
arch, so that we neglect the contribution of u in computing the elongation of the
spring; see eqgs. (67) and (68). Since w at midspan for the shallow arch is positive in
the opposite sense with respect to the deep arch development, we approximate eq.

(68) as

¢~ £, + w(0) (A.109)
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such that # — ¢ ~ w(0) in the external potential (108). The total potential energy V
for the shallow arch and load configuration is the sum of the strain energy (107) and

the external potential (108). That is,

L
2

V= %j (N &, + M) dx + P w(0) + %KWQ(O) (A.110)
—L

2

in which the strain ¢, is given by eq. (101), rotation gradient fi" by (103), and resultants

N and M by eqgs. (105).
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Fig. A.1 Initial configuration of the arch.

Fig. A.2 Deformed configuration of the arch.
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Appendix B

User’s Guide for FENLA FORTRAN

FENLA is a program which implements the finite-element formulation of the solution
to the problem of a simply-supported general arch (either shallow or deep) with a
spring attached at centerspan subjected to a centerspan point load. The solution is
developed from the principle of virtual work as outlined in the text, eqs. 61-97, and
uses Newton’s method to solve the system of non-linear equations. The general re-
sponse of such an arch-spring system, loaded from an undeformed shape at zero
load, is for the arch midspan to deflect downward with the normal deflections, w, of
the rest of the arch being symmetric with respect to the midspan. As the load in-
creases the midspan deflection also increases. A curve tracing the load-midspan
deflection for this initial response is known as the symmetric equilibrium path. For
some arches, depending on the physical properties of the arch-spring system, a
point, called a limit point, will be reached, at which for the centerspan deflection to
continue to increase smoothly, without a large jump in the deflection, the applied load
must be decreased. The symmetric equilibrium path can be traced past a limit point
with the load decreasing with increasing midspan deflection. For some arches an-
other limit point on the symmetric equilibrium path will be reached, after which the
load will again increase with increasing mldspan deflection. Although in general se-
veral symmetric equilibrium paths may eXIst for an arch-spring system they are not
necessarily joined by limit points. Some symmetric equilibrium configurations are
disjoined, meaning that one configuration cannot be reached from another by a
smooth stepwise deformation of the arch, but can only be obtained by a significant
change in arch shape. Another possible arch response, again depending on the
physical properties of the system, corresponds to an equilibrium path that bifurcates
off the symmetric equilibrium path. Along this path the arch responds with continued
increase in midspan deflection, the load either increasing or decreasing depending

on the physical properties of the arch-spring system. However, the w deflections of
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the arch are asymmetric about the midspan. If allowed to follow this path far enough
the arch may begin to exhibit symmetric behavior, indicating that the bifurcated path

has intersected a symmetric equilibrium path.

The program is intended to be used to trace the symmetric equilibrium path, from
zero load and an undeformed shape, indicating the possible existence of critical or
limit and bifurcation points. The program can then be used to find a solution on the
adjacent equilibrium path, either past the limit point, or on the bifurcated path. Once
a single solution is known on the adjacent equilibrium path that path can also be

traced.

The program is started with an initial applied load and an initial guess at the dis-
placement vector, relative to the undeformed arch shape, for that load. An incre-
mental displacement vector is solved for and added to the initial guess until the
solution converges to the dispiraéement vector for the applied load. Convergence
occurs when the internal virtual work of the arch-spring system equals the external
virtual work for the applied load. If the program is run in batch mode, once the sol-
ution at the current load is found the load is incremented and the displacement vector
just found is used as the initial guess of the displacement vector rat the new load.
This procedure continues until either the load limit specified by the user is reached
or until the program cannot converge to a solution at the new load within ten iter-
ations. In batch mode the progrém indicates the existenée of critical points, points
where an eigenvalue of the tangent stiffness matrix becomes zero. Critical points are
points such as limit points and bifurcation points where another equilibrium config-
uration exists in addition to the current equilibrium configuration. Bifurcation points
are indicated by an eigenvalue passing through zero, while limit points are indicated
by the inability of fhe program to find a solution at the next load step, with an

eigenvalue that is approaching zero as the load approaches the limit point load.

82

I

Bl

B

A U i 1] 1

]



AN

{1

H

{1

{

{

The interactive mode of the program is particularly useful at critical points, where it
can be used to find a solution on an adjacent equilibrium path, i.e., past a limit point,
or on the path continuing from a bifurcation point. To find a solution on the adjacent
path at the critical point the arch shape must be perturbed. This perturbation is ac-
complished by using the eigenvector associated with the eigenvalue that is zero at
the critical point. Because at a limit point the adjacent path is a continuation of the
current equilibrium path the eigenvector will have the same shape as the current
equilibrium configuration, i.e., it will be symmetric. At a bifurcation point the
eigenvector associated with the zero eigenvalue will have a different shape than the
current equilibrium configuration, i.e., it will be asymmetric. At either type of critical
point the critical eigenvector can be scaled and added to the current displacement

vector to be used as a guess at the displacement vector on the adjacent path.

The Program

Main Program: The program consists of a main program with several subroutines.
In the main program the problem is set up and the system of linear incremental
equations is solved using an IMSL subroutine. The error in the solution is checked
and based on the error the program either iterates to find a new solution or reports
the new solution. In batch mode the program checks the eigenvalues of the tangent
stiffness matrix at each solution to Indicate the possible existence of critical points.
A bifurcation point is indicated by an eigenvalue, with an associated asymmetric
eigenvector, that passes through zero. The program estimates the bifurcation load |
by using a linear interpolation to find the load at which the eigenvalue is actually zero.
The displacement vector at a load very near the bifurcation point is then found. A
possible limit point is indicated when the program cannot find a solution for the next
load step even after reducing the load increment by half three times. As a limit point
is approached one of the eigenvalues of the tangent stiffness matrix will approach

zero. The eigenvector associated with this eigenvalue will be symmetric. The sym-
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metry or asymmetry of the eigenvector is determined by looking at the elements of
the eigenvector corresponding to u and w’ of the midspan of the arch. If these ele-
ments are zero the eigenvector is said to be symmetric, if either of them is nonzero

the eigenvector is said to he asymmetric.

In interactive mode once a solution is determined the program will provide the user
with information about the eigenvectors of the tangent stiffness matrix and will ask
the user to select an eigenvector and a scale factor by which to multiply the
eigenvector when adding it to the previous displacement vector to use as a guess at
the displacement vector on the adjacent equilibrium path. The interactive mode can
also be used to continue along the current equilibrium path by specifying the value
of the scale factor to be zero, thus using the current displacement vector as the initial

guess at the displacement vector at a different load.

The Subroutines: The subroutines consist of several subroutines to compute the el-
ements of the stiffness matrix of the problem, several subroutines for general matrix
manipulation, and a subroutine to add the effect of a centerspan spring to the prob-
lem. The stiffness matrix is computed by numerical integration, using Simpson’s
rule, of the matrices derived in the text, egs. 93, 94, 95. The integrands, which are
functions of the shape function for the element used, see fig. 9 and egs. 77-81, were
computed using MACSYMA and then used in this program. Several of the subrou-

tines are the MACSYMA FORTRANT77 output.

Program Input

The program has two input files. The file corresponding to unit 11 will contain phys-
ical information about the arch, the load limits for the run, and information about the
particular run, i.e., whether the run is interactive or batch, and whether or not the in-

itial guess at the displacement vector will be input from a file. The file corresponding

84

il

N R NI



|

to unit 14 will contain a value of load and the initial guess of the global displacement
vector (GU). If the initial guess at the displacement vector will be the zero vector unit
14 need not be used. Unit 5 is used for input from the terminal during an interactive
run. The user will be prompted for necessary information. The number of elements
in the model is set using the parameter statement at the beginning of the program.
The smallest number of elements possible is 4. The number of elements is increased
by cutting each element in half so that possible models can have 4, 8, 16, 32, ... ele-
ments. The number of eigenvalues and eigenvectors of the tangent stiffness matrix
to be computed can also be changed in the parameter statement. The input from
each of units 11, 14, and 5 is outlined below.

Unit 11 (Variable names are given parentheses)

e Flag (INTERACT) for batch (0) or interactive (1) mode. (line 1)

e The physical parameters E*A (EA) in pounds, E*I (El) in pound*in?, and curvature
(C) in inches-' for the arch. The arch is assumed to be circular with constant
curvature. (line 2)

® The arch length (SL) and span length (RL) of the arch in inches. (line 3)

® The spring stiffness (SK) in pounds/inch, and original spring length (SPRL) in
inches. (line 4)

e The distributed load (Q) in pounds/inch. The program can handle a distributed
load in addition to the point load if desired. (line 5)

e The initial point load (PINIT), the final load (PFIN), and the load increment (DP) in
pounds. Note that this information is used only in batch mode. (line 6)

e The number of Simpson’s integration intervals (NSI) to use in the numerical in-
tegration of the stiffness matrix. (line 7)

* A scale factor (SFAC) to use in the solution of the system of equations as neces-
sary to prevent numerical (underflow and overflow) problems. (line 8)

* Flag (IREAD) for indicating whether or not to read the initial guess of the dis-

placement vector from an input file (0 if no, 1 if yes). (line 9)
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All input is unformatted.

Unit 14

® The load (P) at or near the displacement vector that follows. (line 1)
e The value of the global displacement variable at each node (GU()) to be used as

the initial guess. (lines 2 to humber of global displacement variables (NN) + 1)

Again the input is unformatted. Note that on the element level the nodes are num-
bered as indicated in fig. 9, with local degrees of freedom GUEL(l,1) = u of element
| node 1, GUEL(I,2) = w of element | node 1, GUEL(.3) = w' of element | node 1,
GUEL(l,4) = u of element | node 2, GUEL(l,5) = w of element | node 2, GUEL(1,6) =
w’ of element | node 2, and GUEL (1,7) = u of element | node 3. On the global level
the nodes are numbered from left to right with the global displacement variables be-
ing GU(1) = u of node 1, GU(2) = w of node 1, GU(3) = w’ of node 1, GU(4) = u of
node 2, GU(5)'= u of node 3, GU(6)= w of node 3, GU(7) = w’ of node 3, and so on.

Unit 5

In interactive mode the user will be asked to respond to several questions. The user
will be asked if he wants to update PLAST, EVLAST, GULAST, and PHELAST. These
variables are used as the base from which to try to find a solution on the adjacent
equilibrium path. They correspond to the load, eigenvalues, displacement vector,
and eigenvectors at a solution. The user should answer yes (1) if he wants to use the
current solution as the point from which to try to move to a bifurcated path or past a
limit point. The user should also answer yes just before quitting the interactive ses-
sion as the values saved in these variables are written to an output file 13 when the
program stops. The user must also respond whether he wants to stop the program
(0) or try to find a new solution (1). If he wants to find a new solution he must enter
a value of the load, P, the séale factor (EPS) by which to scale the normalized

eigenvector, and which eigenvector he wants to use to increment the displacement
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vector to obtain an initial guess at the solution on the adjacent path. Note that sym-
metric eigenvectors are normalized by the term corresponding to w at the center
node while asymmetric eigenvectors are normalized by the term corresponding to w

at the quarter points of the arch.

Program Output

The program has several output files.

Unit 6 is used for error output in the batch mode and for output to the screen in

interactive mode.

Unit 8 contains the nondimensionalized load and midspan deflection for each sol-
ution. The nondimensionalization can either be based on the nondimensionalization
used in studying the shallow arch problem analytically as outlined in eq. 16 or using

nondimensionalization of Huddleston given in eq. 100.

Unit 9 contains the general output for the program. The top of the file reports the
physical parameters for the run, i.e., the geometrical data for the arch, the initial load,
load increment, and final load, information about the spring, and information about
the number of nodes and elements in the model. The program then outputs to this
file the error in each type of displacement variable (u, w, and, w') for each iteration
as a solution is searched for at each load step. When a solution has converged the
program prints the number of iterations required, the load level, the solution dis-
placement vector, and the lowest three eigenvalues of the tangent stiffness matrix at
the solution. In batch mode when the lowest eigenvalue becomes negative, as it will
if the current load and solution are on a part of the equilibrium path that is either past
a bifurcation point or past a limit point, the program outputs the eigenvectors asso-
ciated with the three lowest eigenvalues. In batch mode unit 9 also contains infor-

mation on the loads at which critical points are suspected. In interactive mode the
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program outputs the smallest three eigenvalues and the associated eigenvectors for

each solution found.

Unit 13 is a file containing the load and displacement vector for a couple of key load
steps. In batch mode it will contain the load and displacement for the load closest to
but just before a suspected bifurcation point, and the load and displacement vector
for the last load level before a suspected limit point. In interactive mode unit 13 will
contain the load and displacement vector stored as PLAST and GULAST when the

user ends the program. This file is set up to be used as the input file 14 on subse-

quent run.

Unit 15 is a file containing the load and the lowest eigenvalue at each solution. It is

used for plotting a load vs. eigenvalue curve to help indicate bifurcation points.

Sample Problems

Example Batch Run

This example is for a shallow aluminum arch, with a 1 inch wide by 0.1 inch thick
cross section. The arch span is 3.97 inches and the arch rise is 0.0866 inches. The
stiffness of the centerspan spring is 213 pounds/in. This batch run will start at zero

load and zero displacement and find the displacement solution vector for increasing

load levels.

Input file 11

Line Number Variables Value

Line 1: INTERACT 0

Line 2: EAELC 1.D6 833.33 0.04391
Line 3: SL,RL 3.975 3.97

Line 4: SK,SPRL 213.0 0.3
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Line 5: Q 0.0

Line 6: PINIT,PFIN,DP 20.0 200.0 5.0
Line 7: NSI 8

Line 8: SFAC 1.D-5

Line 9: IREAD 0

When IREAD = 0 the additional data file (unit 14) containing an initial guess is not

needed.

Output

The output (unit 9) from this run would consist of the load and displacement vector
at 5 pound increments from 20 Ibs. to 90 Ibs. At 95 Ibs, the program is not able to find
a solution using the displacement vector at 90 Ibs. as an initial guess. The program
will reduce the load increment (DP) by half and try to find a solution for P = 92.5
again using the displacement vector at 90 Ibs. as the initial guess at the displacement
vector. At 92.5 |bs. the program is again unable to find a solution so the load incre-
ment is again reduced by half. The program will reduce DP by half three times, after
which the batch run will stop, reporting a suspected limit point. The user will note
that the lowest eigenvalue of the tangent stiffness matrix at each solution is ap-
proaching zero as the load approaches the suspected limit point. For the last load
before the suspected limit point at which the program can find a solution, the
eigenvector associated with the lowest eigenvalue is symmetric. Recall that this in-
dicates that the adjacent path at the critical point has the same shape as the current

solution.

Sample Interactive Run

This is an example of the input files that would be used to try to-move past the limit

point for the arch in the batch example above. The number of lines in input file 14
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depends on the number of elements and nodes in the model. The data file below

corresponds to a run with 16 elements, 33 nodes, and 67 degrees of freedom. The

parameter statement in the FORTRAN file that corresponds to this case would be

uncommented with all other parameter statements commented out.

Input file 11
Line Number
Line 1:

Line 2:

Line 3:

Line 4:

Line 5:

Line 6:

Line 7:

Line 8:

Line &:

Input file 14
Line Number
Line 1:
Line 2:

Line 3:

Line 4:

Line 5:

Line 6:

Line 7:

Line 8:

Line O:

Line 10:

Variables
INTERACT
EAEILC

SL,RL
SK,SPRL

Q
PINIT,PFIN,DP
NSi

SFAC

IREAD

Variables
p

GU(1), u(1)

GU(2), w(1)
GU(3), w'(1)
GU(4), u(2)

GU(5), u(3)

GU(6), w(3)
GU(7), w'(3)
GU(8), u(4)

GU(9), u(5)

Value

1

1.D6 833.33 0.04391

. 3,975 3.97

213.0 0.3

0.0

20.0 200.0 5.0
8

1.D-5

Value
0.9125000E + 02
0.0000000E + 00
0.0000000E + 00
-0.3398966E-01
-0.1825044E-03
-0.3425904E-03
0.8474547E-02
-0.3431770E-01
-0.4805153E-03

-0.5959346E-03
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Line 11:
Line 12:
Line 13
Line 14:
Line 15:
Line 16:
Line 17:
Line 18:
Line 19:
Line 20:
Line 21:
Line 22:
Line 23:
Line 24:
Line 25:
Line 26:
Line 27:
Line 28:
Line 29:
Line 30:
Line 31:
Line 32:
Line 33:
Line 34:
Line 35:
Line 36:
Line 37:

Line 38:

GU(10),
GU(11),
GU(12),
GU(13),
GU(14),
GU(15),
GU(18),
Gu(17),
Gu(18),
GU(19),
GU(20),
GU(21),
GU(22),
GU(23),
GU(24),
GU(25),
GU(26),
GU(27),
GU(28),
GU(29),
GU(30),
GU(31),
GU(32),
GU(33),
GU(34),
GU(35),
GU(36),

GU(37),

0.1705960E-01
-0.3474200E-01
-0.6882522E-03
-0.7564230E-03

0.2567705E-01
-0.3444491E-01
-0.7993174E-03
-0.8156363E-02

0.3405088E-01
-0.3266051E-01
-0.8042857E-03
-0.7644650E-03

0.4172702E-01
-0.2872985E-01
-0.6960134E-03
-0.5996932E-03

0.4810602E-01
-0.2214872E-01
-0.4774480E-03
-0.3328459E-03

0.5248630E-01
-0.1260452E-01
-0.1711844E-03
-0.3067471E-21

0.5411497E-01
-0.6270848E-18

0.1711844E-03

0.3328459E-03
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Line 39:
Line 40:
Line 41:
Line 42
Line 43:
Line 44:
Line 45:
Line 46:
Line 47:
Line 48:
Line 49:
Line 50:
Line 51:
Line 52:
Line 53:
Line 54:
Line 55:
Line 56:
Line 57:
Line 58:
Line 58:
Line 60:
7 Line 61:
Line 62:
Line 63:
Line 64:
Line 65:

Line 66:

GU(38), w(19)
GU(39), w'(19)
GU(40), u(20)
GU(41), u(21)
GU(42), w(21)
GU(43), w'(21)
GU(44), u(22)
GU(45), u(23)

GU(46), w(23)

GU(47), w'(23)

GU(48), u(24)
GU(49), u(25)
GU(50), w(25)
GU(51), w'(25)
GU(52), u(26)
GU(53), u(27)
GU(54), w(27)
GU(55), w'(27)
GU(56), u(28)
GU(57), u(29)
GU(58), w(29)
GU(59), w'(29)
GU(60), u(30)
GU(61), u(31)
GU(62), w(31)

GU(63), w'(31)

GU(B4), u(32)

GU(65), u(33)

0.5248630E-01
0.1260452E-01
0.4774480E-03
0.5996932E-03
0.4810602E-01
0.2214872E-01
0.6960134E-03
0.7644650E-03
0.4172702E-01
0.2872985E-01
0.8042857E-03
0.8156363E-03
0.3405088E-01
0.3266051E-01
0.7993174E-03
0.7564230E-03
0.2567705E-01
0.3444491E-01
0.6882522E-03
0.5959346E-03
0.1705960E-01
0.3474200E-01
0.4805153E-03
0.3425004E-03
0.8474547E-02
0.3431770E-01
0.1825044E-03

0.0000000E + 00
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Line 67: GU(66), w(33) 0.0000000E + 00

Line 68: GU(67), w’(33) 0.3398966E-01

In the above variable listing for unit 14 the second variable indicates the physical
degree of freedom corresponding to each global degree of freedom.

Input To and Output From the Terminal

Input from and output to the terminal in this interactive run could be as follows:

Program:

SOLUTION FOUND FOR P = 0.9125000E + 02

CURRENT SOLN HAS P = 0.9125000E+02 W(0) = 0.5411497E-01

EIGENVECTOR 1 IS SYMMETRIC

EIGENVECTOR 2 IS ASYMMETRIC

LAST SOLN HAS P = 0.0000000E + 00 W(0) = 0.0000000E + 00

VALUE OF EPS = 0.0000000E + 00

DO YOU WANT TO UPDATE PLAST, EVLAST, GULAST, AND PHELAST? (0=NO, 1=YES)
(IF FIRST TIME THROUGH SAY YES)

User:
1

Program:
DO YOU WANT TO GUESS AT P AND EPS? OR STOP?
(0=STOP, 1=GUESS)

User:
1

Program:
ENTER P AND EPS AND WHICH EIGENVECTOR TO USE

User:
91.5 0.0 1

Program:

SOLUTION FOUND FOR P = (0.9150000E + 02

CURRENT SOLN HAS P = 0.9150000E +02 W(0) = 0.5565260E-01

EIGENVECTOR 1 IS SYMMETRIC

EIGENVECTOR 2 IS ASYMMETRIC

LAST SOLN HAS P = 0.9125000E+02 W(0) = 0.5411497E-01

VALUE OF EPS = 0.0000000E + 00

DO YOU WANT TO UPDATE PLAST, EVLAST, GULAST, AND PHELAST? (0=NO, 1=YES)
(IF FIRST TIME THROUGH SAY YES)

User:
1

Program:
DO YOU WANT TO GUESS AT P AND EPS? OR STOP?
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(0=STOP, 1=GUESS)

User:
1

Program: :
ENTER P AND EPS AND WHICH EIGENVECTOR TO USE

User:
915 0.001 1

Program:

SOLUTION FOUND FOR P = 0.9150000E + 02

CURRENT SOLN HAS P = 0.9150000E +02 W(0) = 0.5565260E-01

EIGENVECTOR 1 1S SYMMETRIC -

EIGENVECTOR 2 IS ASYMMETRIC

LAST SOLN HAS P = 0.9150000E+02 W(0) = 0.5565260E-01

VALUE OF EPS = 0.1000000E-02

DO YOU WANT TO UPDATE PLAST, EVLAST, GULAST, AND PHELAST? (0=NO, 1=YES)
(IF FIRST TIME THROUGH SAY YES)

User:
0

Program:
DO YOU WANT TO GUESS AT P AND EPS? OR STOP?
(0=STOP, 1=GUESS)

User:
1

Program:
ENTER P AND EPS AND WHICH EIGENVECTOR TO USE

User:
91.5 0.003 1

Program:

SOLUTION FOUND FOR P = 0.9150000E + 02

CURRENT SOLN HAS P = 0.9150000E +02 W(0) = 0.5565260E-01

EIGENVECTOR 1 1S SYMMETRIC

EIGENVECTOR 2 IS ASYMMETRIC

LAST SOLN HAS P = 0.9150000E +02 W(0) = 0.5565260E-01

VALUE OF EPS = 0.3000000E-02

DO YOU WANT TO UPDATE PLAST, EVLAST, GULAST, AND PHELAST? (0=NO, 1=YES)
(IF FIRST TIME THROUGH SAY YES)

User:
0

Program:
DO YOU WANT TO GUESS AT P AND EPS? OR STOP?
(0=STOP, 1=GUESS)

User:
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Program:
ENTER P AND EPS AND WHICH EIGENVECTOR TO USE

User:
91.5 0.006 1

Program:

SOLUTION FOUND FOR P = 0.9150000E + 02

CURRENT SOLN HAS P = 0.9150000E+02 W(0) = 0.6259679E-01

EIGENVECTOR 1 IS SYMMETRIC

EIGENVECTOR 2 1S ASYMMETRIC

LAST SOLN HAS P = 0.9150000E+02 W(0) = 0.5565260E-01

VALUE OF EPS = 0.6000000E-02

DO YOU WANT TO UPDATE PLAST, EVLLAST, GULAST, AND PHELAST? (0=NO, 1=YES)
(IF FIRST TIME THROUGH SAY YES)

User:
1

Program:
DO YOU WANT TO GUESS AT P AND EPS? OR STOP?
(0=STOP, 1=GUESS)

User:
1

Program:
ENTER P AND EPS AND WHICH EIGENVECTOR TO USE

User:
91.25 0.0 1

Program:

SOLUTION FOUND FOR P = 0.9125000E + 02

CURRENT SOLN HAS P = 0.9125000E + 02 W(0) = 0.6424372E-01

EIGENVECTOR 1 IS SYMMETRIC

EIGENVECTOR 2 IS ASYMMETRIC

LAST SOLN HAS P = 0.9150000E+02 W(0) = 0.6259679E-01

VALUE OF EPS = 0.0000000E + 00

DO YOU WANT TO UPDATE PLAST, EVLAST, GULAST, AND PHELAST? (0=NO, 1=YES)
(IF FIRST TIME THROUGH SAY YES)

User:
0

Program:
DO YOU WANT TO GUESS AT P AND EPS? OR STOP?
(0=STOP, 1=GUESS)

User:
0

In this interactive session the program used the information from unit 14 to find an

solution for the initial load of 91.25 Ibs. The first thing the user does is to update
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PLAST, EVLAST, GULAST, and PHELAST so that the program has a displacement
vector to use as the starting point for finding additional solutions. The user then in-
dicates that he wants to find a solution for a new load. In this example the user first
tries to get a little closer to the limit point by specifying a higher load, 91.5 Ibs. and
a value of EPS = 0, which means that the solution at 91.25 Ibs. will used as the initial
guess at the solution at 91.5 Ibs., without being perturbed. The program finds a sol-
ution at 91.5 Ibs. and the user decides to use this displacement vector as the starting
point for moving past the limit point so he updates PLAST, EVLAST, GULAST, and
PHELAST. He then tries to find a solution past the limit point by specifying the load
to again be 91.5 Ibs., but perturbing the displacement vector using the symmetric
eigenvector, eigenvector 1, and a scale factor of 0.001. The Vsymmetric solution vector
is used because, as described earlier, the solution past the limit point should have
the same shape as the current solution. The value of EPS =0.001 is too small to sig-
nificantly perturb the displacement vector and the program converges to the solution
already known. Thus a larger value of EPS is needed. The user tries EPS =0.003.
Note that there was no need to update PLAST, EVLAST, GULAST, and PHELAST.
Again, the value of EPS is not large enough to perturb the solution away from the al-
ready known solution. Using EPS =0.006, the program finds a displacement vector for
P=91.5 Ibs. which is different from the already known solution as indicated by the

larger midspan deflection. This new solution is expected to be a solution on the path

- past the limit point so PLAST, EVLAST, GULAST, and PHELAST are updated. The user

can stop the program at this point, or continue as in the example above. In the ex-
ample above the user decided to continue along the symmetric path that is past the
limit point by specifying a lower load P =91.25 Ibs. and using the solution at 81.5 Ibs.
that was just found, without perturbing it, i.,e., EPS=0, as the guess at the solution
at 91.25 Ibs. The program was able to find a solution for P=91.25 Ibs. Note that the
midspan deflection is different than the midspan deflection for the same load at the

start of the interactive session. The user does not update PLAST, EVLAST, GULAST,
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and PHELAST so when the user stops the program in the next step output file 13 will
contain information about the load and displacement vector the last time these vari-
ables were updated, namely for P=91.5 ibs., just past the limit point. If the user
wishes to continue following the symmetric path that is past the limit point he could
start another batch session using the information saved in unit 13 from this interactive
session as the input unit 14 changing the load information in unit 11 appropriately.

Miscellaneous Notes

The above example cases were for an arch that exhibits only limit points and no
bifurcation points. Arch-spring systems that exhibit both bifurcation and limit points
are handled in a similar fashion to the example. In trying to move onto a bifurcated
path or past a limit point, the user must specify a value of load (P), the factor (EPS)
by which to scale the normalized eigenvalue before using it to increment the dis-
placement vector, and which eigenvector to use to increment the displacement vector
to obtain an initial guess at the solution on the adjacent path. For trying to move past
a limit point or onto a descending bifurcated path, the value of the ioad can be the
same as the initial load. For trying to move onto an ascending bifurcation path the
load must be higher than the last load before the bifurcation point. The value of EPS
needed to move onto the adjacent path depends strongly on the physical size of the
arch and the closeness of the initial solution to the bifurcation or limit point. The
closer to the bifurcation or limit point and the shallower the arch, the smaller the
value of EPS that will be needed. For example, the value of EPS needed to move past
the limit point for the arch used in the sample interactive file (see also fig. 12) was
0.006, while the value of EPS needed to move past the limit point in fig. 17 was 0.2
To move past limit points, the symmetric eigenvector will be used. To move onto a

bifurcated path, an asymmetric eigenvector should be used.

The user should be aware that it is possible to bypass limit points, i.e., effectively

move from point L to point M in fig. 2a in one load step, if the load increment is too

Q-2 .



large. It is also possible to end up on a symmetric path even though the initial guess
at the displacement vector corresponds to a solution on a bifurcated path if the two
solution configurations are similar. Thus the user may need to try several load in-

crements before being able to follow the path he intends to follow.

The development of the governing equations used in the finite-element formulation
assumes that the change in slope of the arch from its original slope is at no point
greater than 90°. If the change in slope should ever reach 90° the quantity T'% will be
come greater than one and the quantity f becomes undefined. Because I'f can also
become greater than one if there is no solution for a given load in the vicinity of the
initial guess for that load, the program alerts the user to the fact that I't>1 and
therefore argument under the radical sign in one of several expressions is negative
and the program cannot continue on along the current path. In general this message
indicates that a new initial guess is needed (i.e., a new value of EPS in interactive
mode), but in certain cases it could indicate the change in slope is actually greater
than 90°. Note also that the development of the governing equations permits

tangential displacement and rotation of the center node of the arch.
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Appendix C

FENLA FORTRAN Source Code

This appendix contains the FORTRAN source code for FENLA. The code accesses
Version 1.1 IMSL (International Mathematical and Statistical Library, Houston, Texas)
Math/Library subroutines DLSLSF, DEVLSF, DEVASF, DEVESF, and IWKIN. This ver-

sion of the code was compiled using the IBM VS FORTRAN Version 2.4 compiler, a

FORTRAN77 and FORTRANG6 compiler.

93



C THIS VERSION IS DESIGNED TO EITHER FOLLOW A SYMMETRIC EQUILIBRIUM PATH
C INDICATING POSSIBLE LIMIT POINTS AND BIFURCATION POINTS IN BATCH MODE,
C OR TO INTERACTIVELY TRY TO JUMP TO AN ADJACENT PATH GIVEN A NEW P AND
C EPSILON TO MULTIPLY THE EIGENVECTOR OF THE STIFFNESS MATRIX TO GET A

C NEW GUESS AT THE DISPLACEMENT VECTOR.

C

C NON-LINEAR INCREMENTAL FINITE ELEMENT SOLUTION FOR AN ARCH WITH A

C MIDSPAN SPRING SUBJECTED TO A TRANSVERSE MIDSPAN POINT LOAD.

C QUADRATIC ELEMENTS ARE USED FOR THE AXIAL DISPLACEMENTS. STIFFNESS

C MATRICES ARE INTEGRATED NUMERICALLY USING THE COMPOSITE SIMPSONS RULE.

*** INPUT FILE (UNIT 11) CONTAINS VALUES FOR

c
c
C
C INTERACT(FLAG FOR INTERACTIVE OR BATCH MODE)
C EA(E*A),EI(E*I),C(CURVATURE), '
C SL(ARCH LENGTH),RL(SPAN LENGTH)

C SK(SPRING STIFFNESS),SPRL(ORIGINAL SPRING LENGTH)

C Q(DISTRIBUTED LOAD),

C PINIT(INITIAL CENTERSPAN POINT LOAD),PFIN(FINAL LOAD),DP(LOAD STEP)

C NSI(NUMBER OF SIMPSONS RULE APPLICATIONS IN STFINT),AND

C FAC(REDUCING FACTOR TO DECREASE THE MAGNITUDE OF THE NUMBERS IN THE
C  STIFFNESS MATRIX TO AVOID OVERFLOW ERR).

C IREAD(FLAG TO READ NON-ZERO INITIAL GUESS AT U’S)
C

C *** NOTES ***
C PARAMETER STATEMENT MUST BE CHANGED TO CHANGE NUMBER OF NODES IN
C ARCH

C
C NONDIMENSIONALIZATION TO COMPARE TO EXACT SOLUTION OR HUDDLESTON
C MUST BE SELECTED BY COMMENTING OUT THE APPROPRIATE LINES.

C 'ﬂ.tl!ii".lttttiittii"litﬁﬁ'ii**!iitiil'tliiiiiﬁi*iiiiiﬁiiii"iik

C LIST OF VARIABLES

C *iliﬁﬁ'I’"ﬁﬁ‘ﬁlt*iiili“l"iﬁ.l.tiiﬁilii'iiiitﬁﬁﬁ.iil'l.ltﬁiitiiiiit

C NE: NUMBER OF ELEMENTS

C NN: NUMBER OF GLOBAL DISPLACEMENT VARIABLES

C 3/NODE AT ENDS OF ELEMENT, 1/NODE FOR CENTER NODES

C NRN: NUMBER OF DOF (NN-4)

C GU(NN): GLOBAL NODAL DISPLACEMENTS

C GUEL(NE,NRN): ELEMENT DISPLACEMENTS (ITH ELEMENT, JTH NODE)

C U(NRN): UNKNOWN GLOBAL DISPLACEMENTS (DOF)

C EU(NRN): INCREMENTAL U’S SOLVED FOR EACH ITERATION

C CSTIF(2,2: CONSTITUTIVE MATRIX

C S(NE): ELEMENT ENDPOINTS

C F(NN): NODAL FORCES FROM APPLIED POINT LOADS

C QQ(NN): NODAL FORCES FROM APPLIED DISTRIBUTED FORCES

C FF(NN): TOTAL APPLIED NODAL FORCES

C P MIDSPAN POINT LOAD AT EACH LOAD STEP

C PINIT: THE INITIAL POINT LOAD (INPUT)

C PFIN: THE POINT LOAD TO STOP AT (INPUT)

C DP: THE LOAD STEP - DELTA P (INPUT)

C GR(NRN): STIFFNESS FROM THE CONSTITUTIVE RELATION, USED IN
C CALCULATING THE RESIDUAL VECTOR FOR ERROR CALCULATION
C GSTIF(NRN,NRN): GLOBAL STIFFNESS MATRIX FOR EU WITH BC APPLIED
C R(NRN): RESIDUAL AT EACH STEP = FF-GR

C REACT(4): RESULTANT FORCES AT THE NODE AT WHICH BC ARE APPLIED
C ERR(3): ERROR IN EACH OF THE THREE TYPES OF DOF
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OO00000O00O0O0000OOO00O00OO00000000O00000

SFAC: SCALING FACTOR TO AVOID OVERFLOW/UNDERFLOW WHEN SOLVING

SYSTEM OF EQUATIONS

NSI: NUMBER OF SIMPSONS RULE APPLICATIONS IN NUMERICAL INT
NPE: NUMBER OF NODES PER ELEMENT

SL: LENGTH OF ARCH ALONG ARCH

RL: SPAN OF ARCH

EA: PHYSICAL CONSTANT (E*A)

El: PHYSICAL CONSTANT (E*l)

C: PHYSICAL PARAMETER (CURVATURE OF ARCH)

HEL: LENGTH OF ELEMENT (CONSTANT FOR ALL)

SK: SPRING STIFFNESS

SPRL: ORIGINAL SPRING LENGTH

NUMEL: NUMBER OF EIGENVALUES TO COMPUTE

NEVEC: FLAG INDICATING WHICH EIGENVECTOR TO USE TO ADJUST U

EVAL(NUMEI): EIGENVALUES
EVEC(NRN,NUMEI):EIGENVECTORS
PHE(NRN,2): NONDIMENSIONALIZED EIGENVECTOR USED TO ADJUST U

PNON: NONDIMENSIONALIZED LOAD

WNON: NONDIMENSIONALIZED MIDSPAN DEFLECTION

NEGSQRT: FLAG INDICATING A NEG SIGN UNDER A RADICAL (NO SOLN)
GSLAST: VALUES OF GSSTIF AT LAST SOLUTION

PLAST: VALUE OF P AT LAST SOLUTION

EVLAST(2): THE LOWEST TWO EIGENVALUES AT LAST SOLUTION
PHELAST(NRN,2):NONDIMENSIONALIZED EIGENVECTORS AT LAST SOLUTION
GSSAVE(NRN,NRN): SAVED VERSION OF GSSTIF USED IN IMSL ROUTINES

IC: ITERATION COUNTER

INEC: COUNTER FOR # OF SOLUTIONS WITH NEG. EIGENVALUE
INS: COUNTER FOR # OF TIMES CAN’T FIND A SOLUTION IN 10 ITE
INTERACT: FLAG FOR INTERACTIVE OR BATCH MODE

I1B: FLAG FOR PASSING BIFURCATION POINT

IREAD: FLAG FOR READING IN INITIAL GUESS

C 12223233302 2532223 32223223222 R 2222222t R s d R R i nd

C 2 222302 0222222523222 22 220220222 s Rl RS R a ARl

C MAIN PROGRAM

C AR IR ARRAR R RN AR AR RATRN A AN R AR AN R AR NARIRT R A IR R IR AR TN AR AR AR T I AR d b d R

OO0 0000

IMPLICIT DOUBLE PRECISION (A-H,0-Z)

PARAMETER (NE = 4,NN = 19,NRN = 15,NUMEI] = 1,IWSP = 5000)
PARAMETER (NE = 8,NN = 35,NRN = 31,NUMEI = 1,IWSP = 5000)
PARAMETER (NE = 12,NN = 51,NRN = 47, NUME| = 3,IWSP = 5000)
PARAMETER (NE = 14,NN = 59,NRN = 55,NUMEI = 1,IWSP = 6237)
PARAMETER (NE = 16,NN = 67,NRN = 63,NUMEI| = 3,IWSP = 9030)
PARAMETER (NE = 20,NN = 80,NRN = 76, NUMEI = 1,IWSP = 49162)
PARAMETER (NE =32,NN = 131,NRN = 127, NUME! = 3,IWSP = 34439)
NN =4*NE +3

DIMENSION GU(NN),U(NRN),GUEL(NE,7),EU(NRN),CSTIF(2,2),S(NE)
DIMENSION F(NN),QQ(NN),FF(NN)

DIMENSION GR(NRN),GSTIF(NRN,NRN),R(NRN),REACT(4),ERR(3)
DIMENSION GSLAST(NRN,NRN),GSSAVE(NRN,NRN)

DIMENSION EVAL(NUMEI),EVEC(NRN,NUMEI)

DIMENSION GULAST(NN),PHE(NRN,2),PHELAST(NRN,2),EVLAST(2)
COMMON /WORKSP/ RWKSP

REAL RWKSP(IWSP)

CALL IWKIN(IWSP)

C INITIALIZE MESH CONSTANTS, FLAGS

INEC=0
INS =0
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IB=0
NPE=7
EVLAST(1)=0.0
PLAST=0.0
C INPUT DATA
C FLAG FOR BATCH(0) OR INTERACTIVE(1)
READ(11,")INTERACT
C PHYSICAL CONSTANTS
READ(11,")EA,EI,C
READ(11,*)SL,RL
READ(11,*)SK,SPRL
C LOADING
READ(11,')Q
READ(11,")PINIT,PFIN,DP
C MISC INFORMATION
READ(11,*)NSI
READ(11,")SFAC
C IF IREAD =1 READ IN INITIALS U’S, IF IREAD NE 1 UINIT=0.0
READ(11,")IREAD
HEL = SL/NE
C PRINT CASE INFORMATION
WRITE(9,1200)EA EI,C
WRITE(9,1201)Q
WRITE(9,1202)PINIT
WRITE(9,1207)DP
WRITE(9,1206)PFIN
WRITE(9,1203)SL,HEL,RL
WRITE(9,1208)SK,SPRL
WRITE(9,1204)NE NN
WRITE(9,1205)NS|
C INTIALIZE ITERATION COUNTER
IC=0
C FILL IN STIFFNESS MATRIX
CSTIF(1,1)=EA
CSTIF(1,2)=-EI*C
CSTIF(2,1) = CSTIF(1,2)
CSTIF(2,2) =El
C ELEMENT ENDPOINTS
DOYON=1NE
90  S(N)=(N-1)*HEL
C INITIALIZE DISPLACEMENTS AND FORCES
DO 100 I=1,NN
GU(1)=0.D0
F(I)=0.D0
QQ(l)=0.D0
100 FF(l)=0.D0
IF(IREAD.NE.1)GO TO 104
READ(14,")PINIT
DO 102 I=1,NN
102 READ(14,")GU(I)
C FOR DISTRIBUTED LOAD
104 QHOT=Q*HEL/12.D0
QQ(2) = 6.D0*QHOT
QQ(3) = -HEL*QHOT
DO 105 N =2,NE
Ni=4.D0*(N-1) + 2
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105 QQ(NI)=12.D0*QHOT
QQ(NN-1) = 6.D0*QHOT
QQ(NN) = HEL*QHOT

C FOR CONCENTRATED POINT LOAD AT CENTER SPAN
P=PINIT

C LA B4 RETURN HERE FOR LOAD STEPP]NG WA AR A AR A A Fd AR A AR T AR F AR AR R R R R h Ak R AR ~

1101C=0
NEGSQRT =0
WRITE(9,1105)

C REDUCED DISPLACEMENTS FROM GLOBAL DISPLACEMENTS
NRNM1 = NRN-1
DO 115 N=1,NRNM1

115  U(N)=GU(N +2)
U(NRN) = GU(NN)
F(4*NE/2+2)=P
C TOTAL LOADING
DO 120 1= 1,NN
120 FF(l)=QQ(!) + F(l)
C % RETURN TO HERE FOR NEXT ITERATION *##+sssssssssenseusssenssunues
130 CONTINUE
C INITIALIZE GLOBAL STIFFNESS MATRICES
DO 131 1=1,NRN
GR(1)=0.D0
DO 131 J=1,NRN
131 GSTIF(I,J)=0.D0

C ASSIGN ELEMENT NODAL DISPLACEMENTS FROM DISPLACEMENT VECTORS GU AND U

GUEL(1,1) = GU(1)
GUEL(1,2) = GU(2)
GUEL(1,3) = U(1)
GUEL(1,7) = U(2)
GUEL(1,4) = U(3)
GUEL(1,5) = U(4)
GUEL(1,6)=U(5)

NEM 1 = NE-1
DO 135 N =2,NEM1
1= 4*(N-1)-1
GUEL(N,1)=U(ll)
GUEL(N,2)=U(lI + 1)
GUEL(N,3) =U(ll + 2)
GUEL(N,7) = U(ll + 3)
GUEL(N,4) = U(ll + 4)
GUEL(N,5) = U(ll + 5)
135 GUEL(N,8) = U(ll + 6)
{1 = 4*(NE-1)-1
GUEL(NE, 1) = U(ll)
GUEL(NE,2) = U(ll + 1)
GUEL(NE,3) = U(ll +2)
GUEL(NE,7)=U(ll + 3)
GUEL(NE,4) = GU(NN-2)
GUEL(NE,5) = GU{NN-1)
GUEL(NE,B) = U(ll + 4)

C DETERMINE STIFFNESS MATRIX AND RESIDUAL
CALL STIF(S,HEL,GUEL,C,CSTIF,NE,NRN,NSI,GSTIF,GR,REACT, NEGSQRT)
IF(NEGSQRT.EQ.1) GO TO 700 '

C ADD TERMS TO STIFFNESS MATRIX FOR SPRING
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CALL SPRING(SK,SPRL,NRN,GSTIF,GR,U)
C FIND ERROR
DO 180 1=1,3
180 ERR(l) = 0.D0
NRNM1 = NRN-1
DO 185 1= 1,NRNM1
185 R()=FF(1+2)
R(NRN) = FF(NN)
DO 190 I=1,NRN
190 R(l)=R(I)-GR(})
NEM1 = NE-1
DO 195 N= 1,NEM1
N4=4*N
ERR(1) = R(N4-2)*R(N4-2) + R(N4-1)*R(N4-1) + ERR(1)
ERR(2) = R(N4)*R(N4) + ERR(2)
195 ERR(3) = R(N4-3)"R(N4-3) + ERR(3)
ERR(1) = R(NRN-1)*R(NRN-1) + ERR(1)
ERR(3) = R(NRN)*R(NRN) + R(NRN-2)*R(NRN-2) + ERR(3)
ERR(1) = 1.D0/(2.D0*NE + 1)*DSQRT(ERR(1))
ERR(2) = 1.D0/(NE-1)*DSQRT(ERR(2))
ERR(3) = 1.DO/(NE + 1)*DSQRT(ERR(3))
WRITE(9,")(ERR(I),| = 1,3)
C IF ERROR IS SMALL U IS SOLN ... PRINT ANSWER
IF(ERR(1).LT.1.0D-7.AND.ERR(2).LT.1.D-7.AND.ERR(3).LT.1.D-7)
1 GO TO 500
C IF HAVE ITERATED 10 TIMES CUT LOAD STEP IN HALF
IF(IC.GT.10)GO TO 700
C IF ERROR IS TOO LARGE ITERATE TO FIND A NEW EU TO ADD TO U
C FORM OF PROBLEM IS [GSTIF]*{EU} ={R}
C MULT GSTIF AND R BY SFAC TO AVOID OVERFLOW ERROR
DO 215 1=1,NRN
R(l)=SFAC*R(l)
DO 215 J=1,NRN
215 GSTIF(J,) = SFAC*GSTIF(J,))
C USE IMSL TO SOLVE FOR EU
CALL DLSLSF(NRN,GSTIF,NRN,R,EU)
DO 220 1=1,NRN
220 U(l)=U(l) + EU(})
IC=1C+1
C LOOP BACK TO CHECK ERROR WITH NEW DISPLACEMENT VECTOR
GO TO 130
C *hh U’S HAVE BEEN SOLVED FOR [ 22 2322232222022 222X RRRRRARRR R ERRR RSN
500 WRITE(9,1100)IC
C REGROUP GLOBAL DISPLACEMENTS
NRNM1 = NRN-1
DO 510 | = 1,NRNM1
510  GU(I+2)=U())
GU(NN) = U(NRN)
C SAVE LAST GLOBAL STIFFNESS MATRIX
DO 515 I=1,NRN
DO 515 J = 1,NRN
515 GSSAVE(J,1)=GSTIF(J,1) o
C COMPUTE EIGENVALUES OF TANGENT STIFFNESS MATRIX.
C  CALL DEVLSF(NRN,GSTIF,NRN,EVAL)
CALL DEVASF(NRN,NUMEI,GSTIF,NRN, TRUE.,EVAL)
C WRITE OUTPUT R
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WRITE(9,1030)P
WRITE(9,1110)
WRITE(9,1120)(GU(1),I = 1,NN)

C  WRITE(9,1131)

C  WRITE(9,1120)(QQ(l),] = 1,NN)

C  WRITE(9,1132)

C  WRITE(9,1120)(F(1),l = 1,NN)

WRITE(9,1134)
WRITE(9,1120)(EVAL(),] = 1,NUMEI)

C SHALLOW ARCH NONDIMENSIONALIZATION
PNON = P*(RL*RL*RL)/(16.D0*El)*DSQRT(EA/EI)
WNON = GU(2"NE + 2)/(2.D0* DSQRT(EI/EA))

C HUDDLESTONS NONDIMENSIONALIZATION

C  PNON=P'RL*RL/EI

C  WNON=GU(2"NE + 2)/RL
WRITE(8,1040)PNON,WNON
WRITE(15,1040)P,EVAL(1)

IF (INTERACT.EQ.1)WRITE(6,1345)P

IF (INTERACT.EQ.1)GO TO 800
C SAVE GLOBAL STIFFNESS MATRIX FOR LOAD STEP
550 DO 555 I =1,NRN

DO 555 J = 1,NRN

555 GSLAST(J,l) = GSSAVE(J,])

DO 560 I =1,NN
560 GULAST(l)=GU())

C IF EIGENVALUE < 0 AND BIFURCATION POINT HAS NOT

C BEEN ESTABLISHED...COMPUTE EIGENVECTORS
IF(EVAL(1).GE.0.0) GO TO 600
PLAST=P
IF(EVLAST(1).EQ.0)WRITE(9,1015)P
IF(EVLAST(1).EQ.0)IB=1
IF(IB.GE.1)GO TO 610
INEC = INEC + 1
WRITE(9,1011)

DO 570 1=1,NRN
DO 570 J = 1,NRN
570 GSTIF(J,l) = GSSAVE(J,)

CALL DEVESF(NRN,NUMEI,GSTIF,NRN, . TRUE.,EVAL,EVEC,NRN)

WRITE(9,1220)
DO 580 I=1,NRN

580 WRITE(9,1221)(EVEC(1,J),d = 1,NUMEI)
NNN = (NRN-1)/2
IF(ABS(EVEC(NNN,1)).LT.1.D-8.AND.
1ABS(EVEC(NNN + 2,1)).LT.1.D-8)GO TO 595
IF(INEC.NE.1)GO TO 590
PB = P-DP*EVAL(1)/(EVAL(1)-EVLAST(1))
WRITE(9,1017)PB,P,DP,EVAL(1),EVLAST(1)
P=PB+3."DP/8.

590 P =P-DP/4.0
GO TO 620

595 WRITE(9,1012)P
GO TO 610

C INCREMENT LOAD

600 IF(INEC.LE.1)GO TO 605
IB=IB+ 1
WRITE(9,1016)PLAST,P

105



WRITE(13,1120)P,(GU(I),I = 1,NN)

605 PLAST =P

610 P=P+DP

620 EVLAST(1)=EVAL(1)

C GO TO LOAD STEPPING IF WITHIN RANGE OF P
IF(DP.GT.0.AND.P.LE.PFIN) GO TO 110
IF(DP.LT.0.AND.P.GE.PFIN) GO TO 110
WRITE(13,1120)PLAST,(GULAST(l),I = 1,NN)

GO TO 900
CﬁlilF No SOLUTION lS FOUND ' SRR R AR R 222232 R SRR R R R RN NS R R RS ANE
700 WRITE(9,1210)P,IC

C INCREMENT "NO-SOLUTION COUNTER”
IF(INTERACT.EQ.1)WRITE(6,1210)P,IC
IF(INTERACT.EQ.1)GO TO 830
IF(NEGSQRT.EQ.1)GO TO 900
INS = INS + 1
IF(INS.GT.1)GO TO 750
DO 725 | =1,NRN

DO 725 J = 1,NRN

725 GSTIF(J,I) = GSLAST(J,I)

CALL DEVESF(NRN,NUMEI,GSTIF.NRN,. TRUE..EVAL,EVEC,NRN)
750 IF(INS.GT.3)GO TO 770

P =P-DP

DP=DP/2.0

DO 760 | =1,NN
760  GU(l)=GULAST(I)

P=P+DP

C GO TO LOAD STEPPING

GO TO 110
770 WRITE(13,1120)PLAST,(GULAST(I),I = 1,NN)
NNN = (NRN-1)/2
IF(EVEC(NNN, 1).LT.1.D-8.AND.EVEC(NNN +2,1).LT.1.D-8)GO TO 780
WRITE(9,1014)PLAST,P
GO TO 900
780 WRITE(9,1013)PLAST,P
GO TO 900
C L2 8] 'NTERACTIVE SECTION Y32 3222222223232 2222 R 2 R R R RS ERRRER S
800 WRITE(6,1315)P,GU(2*NE + 2)
C COMPUTE AND NORMALIZE EIGENVECTOR
DO 805 I =1,NRN
DO 805 J=1,NRN
805 GSTIF(J,l) = GSSAVE(J,))
CALL DEVESF(NRN,NUMEI,GSTIF,NRN, TRUE.,EVAL,EVEC,NRN)
WRITE(9,1220)
DO 810 I=1,NRN
810  WRITE(9,1221)(EVEC(1,J),J = 1,NUMEI)

C NORMALIZE EIGENVECTORS
NNN = (NRN-1)/2.

DO 825 J=1,2

IF(ABS(EVEC(NNN, J)).LT.1.0E-8. AND.ABS(EVEC(NNN + 2,J)).LT.1.0E-8) TH

1EN
DO 815 |=1,NRN
815  PHE(l,J)=EVEC(l,J)/EVEC((NRN-1)/2+1,J)
WRITE(6,1320)J
ELSE
DO 820 | = 1,NRN
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820  PHE(I,J)=EVEC(I,1)/EVEC((NRN + 1)/4,J)
WRITE(6,1325)J
END IF
825 CONTINUE
830 WRITE(6,1310)PLAST,GULAST(2*NE +2)
WRITE(6,1350)EPS
WRITE(9,1350)EPS
WRITE(6,1330)
READ(5,")IUPDATE
IF (JUPDATE.EQ.0)GO TO 850
DO 835 | = 1,NRN
DO 835 J=1,NRN
835 GSLAST(J,]) = GSSAVE(J,1)
DO 840 I=1,NN
DO 840 J=1,NN
840 GULAST(l) = GU()
PLAST=P
C SAVE EVAL AND PHE
DO 845 J=1,2
EVLAST(J)=EVAL{J)
DO 845 | =1,NRN
845 PHELAST(I,J) = PHE(l,J)
850 WRITE(6,1335)
READ(5,")|STOP
IFISTOP.EQ.0)GO TO 890
WRITE(6,1340)
READ(5,")P,EPS,NEVEC
DO 860 | = 1,NRN-1
860 GU(l +2)=GULAST(I +2) + EPS*PHELAST(I,NEVEC)
GU(NN) = GULAST(NN) + EPS*PHELAST(NRN,NEVEC)
GO TO 110
890 WRITE(13,1120)PLAST,(GULAST(I),| = 1,NN)
C FALL THRU TO STOP T
C .il'ilﬁlilnl.ﬁ"'ii.lllﬁliiﬁ'tlll!ii"iﬂ'i!ﬂiiiﬁl’iii!lil'iltittiliill
1001 FORMAT(1X,’'DETERMINANT = *,E15.7)
1002 FORMAT(1X,3E8.1)
1003 FORMAT(1X,9E7.1)
1004 FORMAT(1X,7E10.2)
1005 FORMAT(1X,5E10.2)
1006 FORMAT(1X,4E10.2)
1010 FORMAT(1X,’ERR = *,E15.7)
1011 FORMAT(1X,’LOWEST EIGENVALUE IS NEGATIVE’)
1012 FORMAT(1X,’LOWEST EIGENVALUE IS NEGATIVE, BUT EIGENVECTOR IS SYMME
1TRIC FOR P=",E15.7)
1013 FORMAT(1X,"LOWEST EIGENVECTOR IS SYMMETRIC, LIMITPOINT SUSPECTED B
1ETWEEN P=",E15.7," AND P=",E15.7)
1014 FORMAT(1X,'LOWEST EIGENVECTOR IS ASYMMETRIC, LIMITPOINT SUSPECTED
1BETWEEN P =",E15.7,” AND P=",E15.7)
1015 FORMAT(1X,”’BIFURCATION POINT SUSPECTED BEFORE P =",E15.7)
1016 FORMAT(1X,’BIFURCATION POINT SUSPECTED BETWEEN P =’,E15.7,/ AND P
1 =",E15.7)
1017 FORMAT(1X,’ESTIMATED BIFURCATION LOAD IS PB = "E15.7/1X,4E15.7)
1030 FORMAT(1X,’FOR P = ’E15.7)
1040 FORMAT(1X,2E15.7)
1100 FORMAT(1X,’AFTER *,13," ITERATIONS)
1105 FORMAT(1X,’ERROR IN U,W, AND W PRIME FOR EACH ITERATION’)
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1110 FORMAT(1X,’GLOBAL NODAL DISPLACEMENTS’)

1120 FORMAT(1X,E15.7)

1131 FORMAT(1X,”APPLIED DISTRIBUTED LOAD")

1132 FORMAT(1X,’RESULTANT NODAL FORCES’)

1134 FORMAT(1X’EIGENVALUES OF TANGENT STIFFNESS MATRIX GSTIF)

1135 FORMAT(1X,3E16.7/E16.7/3E16.7/)

1140 FORMAT(1X,’STRAINS AT NODE POINTS’)

1145 FORMAT(1X,’ELEMENT’,14,5X,"EX’,2X,3E15.7,/,15X,"KAPPAX’,3E15.7/)

1150 FORMAT(1X,”FORCE AND MOMENT RESULTANTS AT NODE POINTS’)

1155 FORMAT(1X,"ELEMENT’ 14,5X,’"NX’,2X,3E15.7,/,17X,'MX’,2X,3E15.7/)

1200 FORMAT(1X,EA = ,E15.7,2X,’El = *,E15.5/1X,'CURVATURE = ' E15.7)

1201 FORMAT(1X,"MAGNITUDE OF DISTRIBUTED LOAD = "E15.7)

1202 FORMAT({1X,"MAGNITUDE OF INITIAL CENTER LOAD = ",E15.7)

1203 FORMAT(1X,’ARCH LENGTH = ’,E15.7/1X,’ELEMENT LENGTH = ",E15.7,/
11X,’SPAN LENGTH = ",E15.7) , ,

1204 FORMAT(1X,’'NUMBER OF ELEMENTS = *,14/1X,'NUMBER OF NODES = " 14)

1205 FORMAT(1X,"NUMBER OF SIMPSONS RULE APPLICATION IN STFINT = ,15/)

1206 FORMAT(1X,"MAGNITUDE OF FINAL CENTER LOAD = ’E15.7)

1207 FORMAT(1X."MAGNITUDE OF CENTER LOAD INCREMENT = *E15.7)

1208 FORMAT(1X,’SPRING STIFFNESS = ",E15.7," INITIAL LENGTH = *E15.7)

1209 FORMAT(1X,’"EPSILON = ,E15.7)

1210 FORMAT(1X,/FOR P = *,E15.7/1X,’NO SOLUTION FOUND AFTER ’,14,” ITER
1ATIONS’)

1211 FORMAT(1X,’TRYING TO GO OVER LIMIT POINT’)

1215 FORMAT(1X,15)

1216 FORMAT(1X,E20.12)

1220 FORMAT(1X,/EIGENVECTORS ASSOCIATED WITH LOWEST EIGENVALUES’)

1221 FORMAT(1X,3E17.7)

1310 FORMAT(1X/LAST SOLN HAS P = ",E15.7, W(0) = ",E15.7)

1315 FORMAT(1X.’CURRENT SOLN HAS P = "E15.7, W(0) = "E15.7)

1320 FORMAT(1X,’EIGENVECTOR,12,” IS SYMMETRIC’)

1325 FORMAT(1X,’EIGENVECTOR’,12,” IS ASYMMETRIC’)

1330 FORMAT(1X,’DO YOU WANT TO UPDATE PLAST, EVLAST, GULAST, AND PHELAS

1T? (0=NO, 1=YES)/1X,’(IF FIRST TIME THROUGH SAY YES))

1335 FORMAT(1X,’DO YOU WANT TO GUESS AT P AND EPS? OR STOP?"/1X,’(0=STO
1P, 1=GUESS)")

1340 FORMAT(1X,"ENTER P AND EPS AND WHICH EIGENVECTOR TO USE’)

1345 FORMAT(1X,’SOLUTION FOUND FOR P =’,E15.7)

1350 FORMAT(1X,’VALUE OF EPS =",E15.7)

(: iiit.ﬂi*i'itlﬂiill.'iﬁi'ﬁﬁliii.‘ﬁﬂit'iiiitlliﬁ'l‘ii.iliiiiii*tﬁklt‘!ii

900 STOP

END

c:ﬁil.llﬁiliiilii.iﬂﬁi.tii'liiiiﬁtiiiQQtliii"ii*iﬁ*ﬁiitiiﬁﬁiiﬁlit!liiﬁi

C SUBPROGRAM TO ASSEMBLE THE GLOBAL STIFFNESS MATRIX
C *iiiQl!t'iI'!ﬁ?!ﬂﬁ.tiiﬁiﬂﬂiiiiiﬁii*ﬂiiiiiﬁﬁ'.i*i*i*iiiiiﬁﬂit&ﬁittil'ii
SUBROUTINE STIF(S,HEL,GUEL,C,CSTIF,NE,NRN,NSI,GSTIF,GR,REACT,NEGSQ
1RT)
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
DIMENSION S(NE),GUEL(NE,7),CSTIF(2,2)
DIMENSION GSTIF(NRN,NRN),GR(NRN),REACT(4)
DIMENSION ELSTIF(7,7),ELR(7),UEL(7)
C FILL IN GLOBAL RESIDUAL STIFFNESS - -
C CONTRIBUTIONS FROM FIRST ELEMENT
N=1
DO 10 (=17
10 UEL(l) = GUEL(1,1)
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1

SEL =S(N)

CALL STFINT(SEL,HEL,UEL,NSI,C,CSTIF,ELSTIF,ELR,NEGSQRT)

IF(NEGSQRT.EQ.1)GO TO 250
GSTIF(1,1) =ELSTIF(3,3)
GSTIF(1,2) =ELSTIF(3,7)
GSTIF(1,3) =ELSTIF(3,4)
GSTIF(1,4) = ELSTIF(3,5)
GSTIF(1,5) = ELSTIF(3,6)
GR(1) =ELR(3)
GSTIF(2,1) = ELSTIF(7,3)
GSTIF(2,2) = ELSTIF(7,7)
GSTIF(2,3) =ELSTIF(7,4)
GSTIF(2,4) =ELSTIF(7,5)
GSTIF(2,5) = ELSTIF(7,6)
GR(2) = ELR(7)
DO 150 =35
H=1+1
GSTIF(I,1) = ELSTIF(I1,3)
GSTIF(1,2) =ELSTIF(11,7)
GSTIF(1,3) = ELSTIF(11,4)
GSTIF(l,4) = ELSTIF(11,5)
GSTIF(I,5) = ELSTIF(11,6)
150  GR(l)=ELR(Il)
REACT(1) = ELR(1)
REACT(2) =ELR(2)

C CONTRIBUTION FROM INTERNAL ELEMENTS

NEM1 = NE-1
DO 165 N=2,NEM1
DO 156 I=1,7
156 UEL(l) = GUEL(N,1)
SEL=S(N)

CALL STFINT(SEL,HEL,UEL,NS!,C,CSTIF,ELSTIF,ELR,NEGSQRT)

IF(NEGSQRT.EQ.1)GO TO 250

K =4*(N-1)-1
DO 155 1=1,3
L=K+I-1

GSTIF(L,K)=ELSTIF(i,1) + GSTIF(L,K)

GSTIF(L,K + 1) =ELSTIF(1,2) + GSTIF(L,K + 1)
GSTIF(L,K + 2) =ELSTIF(1,3) + GSTIF(L.K + 2)

GSTIF(L,K +3) =ELSTIF(1,7)
GSTIF(L,K + 4) =ELSTIF(1,4)
GSTIF(L,K + 5) = ELSTIF(I,5)
GSTIF(L,K + 6) =ELSTIF(1,6)
155 GR(L) = ELR(l) + GR(L)
L=K+3
GSTIF(L,K) =ELSTIF(7,1)
GSTIF(L,K + 1) =ELSTIF(7,2)
GSTIF(L,K +2) = ELSTIF(7.3)
GSTIF(L,K + 3) =ELSTIF(7,7)
GSTIF(L,K + 4) = ELSTIF(7.4)
GSTIF(L,K + 5) = ELSTIF(7,5)
GSTIF(L,K + 6) = ELSTIF(7,6)
GR(L) =ELR(7)
DO 160 [=4,6
L=K+I
GSTIF(L,K) = ELSTIF(1,1)
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GSTIF(L,K + 1) =ELSTIF(,2)
GSTIF(L,K + 2) = ELSTIF(1,3)
GSTIF(L,K + 3) =ELSTIF(1,7)
)
)
)

GSTIF(L,K + 4) = ELSTIF(),4
GSTIF(L,K + 5) =ELSTIF(1,5
GSTIF(L,K + 6) =ELSTIF(1,6
160 GR(L) = ELR(1)
165 CONTINUE
C CONTRIBUTION FROM LAST ELEMENT
DO 166 |=1,7
166 UEL(l) = GUEL(NE,}) =
SEL = S(NE)
CALL STFINT(SEL,HEL,UEL,NSI,C,CSTIF,ELSTIF ELR,NEGSQRT)
IF(NEGSQRT.EQ.1)GO TO 250
K = 4*(NE-1)-1
DO 170 1=1,3
L=K+(I-1)
GSTIF(L,K) = ELSTIF(I,1) + GSTIF(L,K)
GSTIF(L,K + 1) = ELSTIF(,2) + GSTIF(L,K + 1)
GSTIF(LK +2) = ELSTIF(1,3) + GSTIF(L,K + 2)
GSTIF(L,K + 3) = ELSTIF(1,7)
GSTIF(L,K + 4) = ELSTIF(1,6)
170 GR(L)=ELR()+ GR(L)
L=K+3
GSTIF(L,K) =ELSTIF(7,1)
GSTIF(LK + 1) = ELSTIF(7,2)
GSTIF(L,K + 2) = ELSTIF(7,3) A
GSTIF(L.K + 3) = ELSTIF(7,7) =
GSTIF(L,K + 4) = ELSTIF(7,6)
GR(L)=ELR(7)
L=K+4
GSTIF(L,K) = ELSTIF(6,1)
GSTIF(L,K + 1) = ELSTIF(6,2)
GSTIF(L,K + 2) = ELSTIF(6,3) —
GSTIF(L,K +3) =ELSTIF(6,7) =
GSTIF(L,K + 4) = ELSTIF(6,6)
GR(L)=ELR(6)
REACT(3) = ELR(5)
REACT(4) = ELR(6)
250 RETURN
END

C Qi.ﬁi\ﬁlﬂﬁi'i"ttlil.il’*i’iiﬂ*'ﬁ*iiiiiiiiiiiiiiiiﬁiiiiﬁii*iiﬂihiitﬁiiﬂt

C SUBPROGRAM TO INTEGRATE ELEMENT STIFFNESS TERMS

C '!l.ﬂﬁiiii'iiittiii*!ﬁﬂ*ﬁiﬁ.ilﬁii(iiiil"iiﬁi*iiﬁﬁﬁ.ﬁiitiﬁiiﬂ'iii'iitili

SUBROUTINE STFINT(SO,HEL,UEL,NSI,C,CSTIF ELSTIF ELR,NEGSQRT)
IMPLICIT DOUBLE PRECISION (A-H,0-Z)

DIMENSION UEL(7),CSTIF(2,2)

DIMENSION ELSTIF(7,7),ELR(7)

DIMENSION ELK1(7,7),ELK2(7,7),ELKA(7,7), ELKB(7,7),ELK(7.7)
DIMENSION ELKG1(7,7),ELKG2(7,7),ELKGA(7,7),ELKGB(7,7),ELKG(7.7)
DIMENSION SENDK(7,7),SENDKG(7,7),SMIDK(7,7),SMIDKG(7.7)
DIMENSION ELR1(7),ELR2(7),ELRA(7),ELRB(7)
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DIMENSION SENDR(7),SMIDR(7)

SN=S0+HEL

TWOHI = HEL/NSI .
[
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HI = TWOHI/2.D0
C* SET SUMS TO ZERO
DO 50 1=1,7
SENDR(l) = 0.D0
SMIDR(!) = 0.D0
DO 50 J=1,7
SENDK(l,J)=0.D0
SMIDK(I,J) = 0.D0
SENDKG(I,J) =0.D0
50 SMIDKG(l,J) = 0.D0
C BEGIN INTEGRATION LOOP
DO 100 K = 1,NS
S1=50+ (K-1)*TWOHI
$2=S1+HI
CALL ELINTS(S1,50,HEL,C,UEL,CSTIF,ELK1,ELKG1,ELR1,NEGSQRT)
IF(NEGSQRT.EQ.1)GO TO 250
CALL ELINTS(S2,S0,HEL,C,UEL,CSTIF,ELK2,ELKG2,ELR2,NEGSQRT)
IF(NEGSQRT.EQ.1)GO TO 250
C** COMPUTE SUMS
DO 100 1=1,7
SENDR(I) = SENDR(I) + ELR1(1)
SMIDR(I) = SMIDR(l) + ELR2(1)
DO 100 J=1,7
SENDK(I,J) = SENDK(1,J) + ELK1(1,J)
SMIDK(I,J) = SMIDK(I1,J) + ELK2(1,J)
SENDKG(I,J) = SENDKG(I,J) + ELKG1(1,J)
100  SMIDKG(I,J) = SMIDKG(l,J) + ELKG2(1,J)
CALL ELINTS(S0,50,HEL,C,UEL,CSTIF,ELKA,ELKGA,ELRA,NEGSQRT)
IF(NEGSQRT.EQ.1)GO TO 250
CALL ELINTS(SN,S0,HEL,C,UEL,CSTIF,ELKB,ELKGB,ELRB,NEGSQRT)
IF(NEGSQRT.EQ.1)GO TO 250
DO 200 I=1,7
ELR(I) = (2.D0* SENDR(l) + 4.D0*SMIDR(1)-ELRA(I) + ELRB(1))*H1/3.D0
DO 200 J=1,7
ELK(I,J) = (2.D0*SENDK(1,J) + 4.D0*SMIDK(1,J)-ELKA(1.J) + ELKB(I,J))*H!
1/3.D0
200 ELKG(,J) = (2.D0*SENDKG(I,J) + 4.D0*SMIDKG(I,J)-ELKGA(1,J) + ELKGB(1.J
1))*HI/3.D0
CALL MATADD(1.DO,ELK,1.D0,ELKG,ELSTIF,7,7)
250 RETURN
END

C P S T 2 2 s R 2 222222 2 22 R R A2 2R R RARAE SR R AL

C PROGRAM TO COMPUTE VALUES OF PARTS OF ELE MATRICES AT INT POINTS.

C P 2 22 23 00t A s 222 R 2R R AR R R AR AR A R R AR A AR AL R A A A

SUBROUTINE ELINTS(S,S0,HEL,C,UEL,CSTIF,ELKI,ELKGI,ELRI,NEGSQRT)

IMPLICIT DOUBLE PRECISION (A-H,0-Z)

DIMENSION UEL(7),CSTIF(2,2)

DIMENSION ELKI(7,7),ELKGI(7,7),ELRI(7)

DIMENSION ZA1(7),ZA2(7),ZB1(7),2B2(7),ZUD1(7),ZUD2(7),ZUE2(7)

DIMENSION ZD1(7,7),ZD2(7,7),ZE1(7,7),ZE2(7,7)

DIMENSION A1(7),A2(7),B1(7),B2(7),A(2,7),B(2,7),D(7,7),E(7.7)

DIMENSION BTC(7,2),CA(2,7),FORC(2),DUMMY(7),DUMMYS(7,7)
C** COMPUTE ...

CALL MATXA1(S,S0,HEL,C,ZA1)

CALL MATXD1(S,S0,HEL,C,ZD1)

CALL MATXD2(S,S0,HEL,C,ZD2)



CALL MATXA2(S,S0,HEL,C,ZA2) -
CALL MATXB2(S,S0,HEL,C,ZB2)

CALL MATXE1(S,S0,HEL,C,ZE1) :
CALL MATXE2(S,S0,HEL,C,ZE2) =
CALL CMMULT(UEL,ZD1,ZUD1,7,7)

CALL CMMULT(UEL,ZD2,2UD2,7,7)

CALL COLMULT(ZUD2,UEL,GAMN2.7)

CALL CMMULT(UEL,ZE2,ZUE2,7,7) -
CALL COLMULT(ZUE2,UEL,GAMNNP,7)
CALL COLMULT(ZA1,UEL,GAMT,7)

CALL COLMULT(ZB2,UEL,GAMN,7)

CALL COLMULT(ZA2,UEL,GAMNP,7)
GAMT2=GAMT'GAMT

EPSO=GAMT + 0.5'GAMT2 + 0.5*GAMN2
IF((1.-GAMN2).LT.0)GO TO 100

BETAP = GAMNP/(DSQRT(1-GAMN2))

C** FORM MATRICES

C** A1
CALL CADD(1.D0,ZA1,0.5D0,ZUD1,DUMMY,7)
CALL CADD(1.D0,DUMMY,0.5D0,ZUD2,A1,7)

C** A2
FAC = 1.D0/DSQRT(1-GAMN2)

CALL SMULT(FAC,ZA2,A2,7)

c** B ,
CALL CADD(1.D0,ZA1,1.D0,ZUD1,DUMMY,7)
CALL CADD(1.D0,DUMMY,1.D0,ZUD2,B1,7)

c** B2

FAC = GAMNNP/(1.D0-GAMN2)** 1.5

CALL CADD(1.D0,A2,FAC,ZB2,B2,7)

D
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Cii
CALL MATADD(1.D0,ZD1,1.D0,Z2D2,D,7,7)
C*E
CALL MATADD(1.D0,ZE1,1.D0,ZE2,DUMMYS,7,7)
FAC = (1.D0-GAMN2)**1.5
FACA = GAMN/FAC
FACB = GAMNP*(1.D0 + 2.D0* GAMN2)/((1.D0-GAMN2)**2.5)
CALL MATADD(FACA,DUMMYS, FACB,ZD2,E,7,7)
C** A AND B
DO 50 1=1,7
A(1,1) = A1(l)
B(1,))=B1(!)
A(2,1) = A2(1)
50 B(2)=B2()
C** ELSTIF(ELK)
CALL MATTMULT(B,CSTIF,BTC,7,2,2)
CALL MATMULT(BTC,B,ELKI,7,2,7)
CALL MATMULT(CSTIF,A,CA,2,2,7)
CALL MCMULT(CA,UEL,FORC,2,7) ,
CALL MATADD(FORC(1),D,FORC(2),E,ELKGI,7,7)
CALL CADD(FORC(1),B1,FORC(2),B2,ELRI,7)
GO TO 150
100 WRITE(6,1000)
WRITE(9,1000)
NEGSQRT =1
150 RETURN -
1000 FORMAT(1X,’CANNOT FILL IN STIFFNESS MATRIX, ARG OF SQRT < 0')
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C P N 2 23 A 232232222 R RS R R R AR SRR E RS R R AL RA LR AR E AR E AR KA

C CODE FOR MATRIX A1
C iiilkttﬁiiitﬁ..i'iiiiii'tttiiiiiitiii'.lli*iiiti*iiiiliiiiIlitiihiﬁnl
SUBROUTINE MATXA1(S,S1,H,C,ZATA1)
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
DIMENSION ZATA1(7)
ZATA1(1) = 2%(2*(S-S1)/H-1)/H-1/H

ZATA1(2) = -C*(2*(8-51)""3/H**3-3*(S-51) "2/H" 2+ 1)
ZATA1(3) = C*(1-(S-S1)/H)**2*(S-S1)

ZATA1(4) = 2*(2*(S-S1)/H-1)/H+ 1/H

ZATA1(5) = -C*(3*(S-S1)**2/H**2-2*(S-51)**3/H"*3)
ZATA1(6) = C*((S-S1)**2/H**2-(S-S1)/H)"(S-S1)
ZATA1(7) = -4*(2"(S-S1)/H-1)/H

RETURN

END

C P 2 22230 322 022222 3 SRR RS N R R A RAS A S AL R RS A S SR AN

C CODE FOR MATRIX A2
C ii*’i'ﬁ**iiiiﬁﬁii*ﬁ.ﬂtlii"'lll'!'iiiitiﬁ*t*iilﬂﬂﬁiii!iQi‘illi*iiilﬁi
SUBROUTINE MATXA2(S,51,H,C,ZATA2)
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
DIMENSION ZATA2(7)
ZATA2(1) = C*(2"(2"(S-S1)/H-1)/H-1/H)

ZATA2(2) = 12*(S-S1)/H**3-6/H"*2
ZATA2(3) = 4*(1-(S-S1)/H)/H-2*(S-S1)/H"*2
ZATA2(4) = C*(2*(2*(S-S1)/H-1)/H + 1/H)
ZATA2(5) = 6/H**2-12*(S-S1)/H**3
ZATA2(6) = 2/H-6*(S-S1)/H**2

ZATA2(7) = -4*C*(2*(S-S1)/H-1)/H
RETURN

END

C T T30 2222223 2222222 22223220 R 222222222 R AR R AR AR AR RRRREELE R AR

C CODE FOR MATRIX B2
C AARRA IR A AN RN R R AR AR AR AR RARERRRRARAA IR R A AN NN R I AR AN I AR SRR A d bR w kb
SUBROUTINE MATXB2(S,51,H,C,ZATB2)
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
DIMENSION ZATB2(7)
ZATB2(1) = C*((2°(S-S1)/H-1)"*2/2.0-(2(S-S1)/H-1)/2.0)

ZATB2(2) = 6*(S-S1)**2/H**3-6*(S-ST)/H**2

ZATB2(3) = 2°(1-(S-S1)/H)*(S-S1)/H-(1-(S-S1)/H)**2

ZATB2(4) = C*((2*(S-S1)/H-1)*"2/2.0+ (2*(S-51)/H-1)/2.0)
ZATB2(5) = 6*(S-S1)/H**2-6*(S-51)"*2/H"*3

ZATB2(6) = -(S-51)**2/H**2-(2*(S-51)/H"*2-1/H)*(S-S1) + (S-S1)/H
ZATB2(7) = C*(1-(2*(S-S1)/H-1)**2)

RETURN

END

C EARRAAR R E R R RN RN AR AR A AR R RR R AT RN RARAAA R AR R AR RN IR AR AN R AAR S AR E AN d

C CODE FOR MATRIX D1
C .iiiiiﬁﬁiiiiiiiii'l’itl‘iil*ﬁil’iiiiiﬁii{_!lilii*iil!iiiitltl'ﬁﬁil’ﬁiiiiii'
SUBROUTINE MATXD1(S,51,H,C,ZATD1)
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
DIMENSION ZATD1(7,7)
ZATD1(1,1) = (2*(2"(S-ST)/H-1)/H-1/H)**2
ZATD1(1,2) = -C*(2"(2*(S-S1)/H-1)/H-1/H)* (2*(S-51)**3/H* *3-3*(S-S 1
1 )*2/H*24 1)
ZATD1(1,3) = C*(2°(2*(S-S1)/H-1)/H-1/H)* (1-(S-S1)/H)**2* (S-S 1)

113



ZATD1(1,4)
ZATD1(1,5)
1 )**3/H**3)

ZATD1(1,6) =

1 (S-S1)
ZATD1(1,7)
ZATD1(2,1)
1 )*2/H*2
ZATD1(2,2)
ZATD1(2,3)
1 24 1)*(S-
ZATD1(2,4)

n n + i

(2*(2*(5-S1)/H-1)/H-1/H)* (2* (2* (S-S 1)/H-1)/H + 1/H)
-C*(2°(2* (S-S 1)/H-1)/H-1/H)* (3*(S-51)"*2/H** 2-2* (S-S 1

C*(2*(2*(5-S1)/H-1)/H-1/H)* ((§-81)**2/H**2-(S-S1)/H)"*

_4*(2*(2* (S-S 1)/H-1)/H-1/H)* (2* (S-S 1)/H-1)/H
-c (24(2*(S-81)/H-1)/H-1/H)* (2*(S-S1)** 3/H**3-3*(5-S1

"2’(2 (S-S1)**3/H**3-3"(S- S1)“2/H“2+ 172
-C**2*(1-(S-S1)/H)**2*(2*(S-S1)**3/H**3-3'(S-S1)"*2/H

S1)
-CH(2*(2* (S-S 1)/H-1)/H + 1/H)* (2 “(S-§1)**3/H**3-3*(S-5 1

1 )y2UHT2+1)

ZATD1(2,5)

i

C**2%(3*(S-51)**2/H**2-2*(S-51)**3/H**3)*(2*(S-S1)**3

1 /H**3-3*(S-S1)"*2/H**2+ 1)
ZATD1(2,6) = -C**2*((S-51)**2/H**2-(S-51)/H)* (2" (S-51)**3/H"*3-3"(
1 s- S1)“2/H**2+1) (5-S1)

ZATD1(2,7) =
1 +1)/H

ZATD1(3,1)
ZATD1(3,2)

o

C*(2*(S- S1)/H 1)*(2*(S-S1)**3/H**3-3*(5-51)* *2/H"*2

C*(2*(2 (S-S 1)/H-1)/H-1/H)* (1-(S-S1)/H)** 2*(S-S 1)
-C**2* (1-(S-81)/H)* *2* (2*(S-S1)* *3/H**3-3 (S-S 1)** 2/H

1 "2+ 1)"(S-S1)

ZATD1(3,3) =
ZATDA(3,4)
ZATD1(3,5)
1 **3)*(S-St
ZATD1(3,6)
1 2
ZATD1(3,7)
ZATD1(4,1)
ZATD1(4,2)
1 ) 2/H*2
ZATD1(4,3)
ZATD1(4,4)
ZATD1(4,5)
1 )**3/H**3)
ZATD1(4,6)
1 (S-S1)
ZATDA(4,7)
ZATDA(5,1)
1 )*3/H**3)
ZATD1(5,2)

ZATD1(5,4) =
1 )**3/H**3)

[T + o ||

= H i

C**2*(1-(5-S1)/H)**4*(S-51)**2
C*(2*(2*(S-81)/H-1)/H + 1/H)* (1-(S-51)/H)* *2*(5-51)
C**2 (1-(S-S1)/H)**2* (3*(S-S1)**2/H" *2-2*(3-51)**3/H

C**2*(1-(3-51)/H)**2*((S-S1)**2/H" *2-(S-51)/H)* (S-51)

_4*C*(1-(S-S1)/H)* 2" (2(S- S1)/H-1)’(S;S1)7H
(2*(2*(S-S1)/H-1)/H-17H)* (2 (2* (S-S 1)/H-1)/H + 1/H)
-c (2*(2* (S-S 1)/H-1)/H + 1/H)* (2*(S-81)**3/H**3-3*(S-S 1

c (24(2*(S-S1)/H-1)/H + 1/H)* (1-(S-S1)/H)* *2* (3-1)
(2*(2*(S-S1)/H-1)/H + 1/H)**2
-C*(2*(2* (S-S 1)/H-1)/H + 1/H)*(3*(S-51)* *2/H"* *2-2*(S-51

= C*(2*(2*(S-S1)/H-1)/H + 17H)* ((S-81)**2/H" *2-(S-51)/H)*

-4*(2*(2* (S-S 1)/H-1)/H + 1/H)* (2" (S-S 1)/H-1)/H
-C*(2*(2* (S-S 1)/H-1)/H-1/H)* (3*(S-S1)* *2/H**2-2* (S-S 1

= C**2%(3*(S-S1)**2/H**2-2*(S-51)**3/H"*3)*(2*(S-S1)"*3
1 /H**3-3*(S-S1)**2/H"*2+ 1)

ZATD1(5,3) =
1 **3)*(S-S1)

-C**2*(1-(S-S1)/H)**2*(3*(S-S1)**2/H* *2-2*(S-51)**3/H

-C*(2*(2*(S-S1)/H-1)/H + 1/H)* (3°(S-S1)** 2/H* *2-2*(S-S 1

ZATDA(5,5) = C**2*(3*(S-S1)**2/H**2-2*(8-51)**3/H**3)**2

ZATD1(5,6) =

-C**2*((S-81)" 2/H"*2-(S-8 1)/H)* (3" (S-S1)**2/H"*2-2"(

1 §-81)**3/H**3)*(5-81)
ZATD1(5,7) = 4°C*(2*(S-S1)/H-1)*(3"(S-51)**2/H**2-2*(S-51)"*3/H""3

1 YH

ZATD1(6,1) = C*(2*(2(S-S1)/H-1)/H-1/H)*((S-81)**2/H**2-(S-S1)/H)*

1 (8-S1)
ZATD1(6,2) =

-C**2*((S-51)* *2/H**2-(S-S1)/H)* (2" (S-51)**3/H**3-3"(

1 §-S1)**2/H**2+1)*(8-51)

114

'| \‘\ :\ n“ fi) '

[

i

|

g Wy om0 w00 we o o« wil w1

il /|

i



LI S|

I 1nr

i

ZATDA(6,3) = C**2*(1-(S-S1)/H)**2*((S-S1)**2/H"*2-(S-51)/H)*(S-51)
1 2

ZATD1(6,4) = C*(2*(2"(S-S1)/H-1)/H + 1/H)*((S-S1)**2/H" *2-(S-S1)/H)"
1 (S-81)

ZATD1(6,5) = -C**2*((S-51)**2/H**2-(S-S1)/H)* (3*(S-S1)** 2/H" * 2-2*(
1 §-51)**3/H**3)"(S-S1)

ZATD1(6,6) = C**2*((S-S1)**2/H**2-(S-S1)/H)**2*(8-S1)"*2
ZATDA(6,7) = -4*C*(2*(S-S1)/H-1)"((8-S1)**2/H**2-(S-51)/H)*(S-81)/
1 H '

ZATDA(7,1) = -4*(2*(2*(S-S1)/H-1)/H-1/H)*(2*(S-S1)/H-1)/H
ZATDA(7.2) = 4°C*(2*(S-51)/H-1)*(2*(8-51)**3/H**3-3"(S-51)* *2/H"*2
1 +1)/H

ZATD1(7,3) = -4*C*(1-(S-S1)/H)**2*(2*(S-S1)/H-1)*(S-S1)/H
ZATDA(7.4) = -4*(2*(2*(S-S1)/H-1)/H + 1/H)*(2*(S-51)/H-1)/H
ZATDA(7,5) = 4°C*(2*(S-81)/H-1)*(3"(S-S1)"*2/H**2-2*(8-51)"*3/H"*3
1 VH

ZATD1(7,6) = -4°C*(2*(S-S1)/H-1)*((S-S1)**2/H" *2-(S-51)/H)*(S-51)/
1 H

ZATD1(7,7) = 16°(2*(S-S1)/H-1)**2/H"*2

RETURN

END

C P 2 32 0 22 22 222 2 R R R R R RS R AR 2 R R R R AR R AR R AR A EI A AL I

C CODE FOR MATRIX D2
SUBROUTINE MATXD2(S,S1,H,C,ZATD2)
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
DIMENSION ZATD2(7,7)
ZATD2(1,1) = C**2*((2*(S-81)/H-1)**2/2.0-(2*(S-S1)/H-1)/2.0)**2
ZATD2(1,2) = C*((2°(S-S1)/H-1)**2/2.0-(2*(S-S1)/H-1)/2.0)* (6" (S-S 1
1 )**2/H**3-6*(S-S1)/H"*2)
ZATD2(1,3) = C*((2°(S-S1)/H-1)**2/2.0-(2*(S-S1)/H-1)/2.0)* (2" (1-(S
1 -S1O/H)*(S-S1)/H-(1-(S-S1)/H)**2)
ZATD2(1,4) = C**2*((2'(S-S1)/H-1)**2/2.0-(2*(S-S1)/H-1)/2.0)* ((2*(
1 S-S1)/H-1)**2/2.0 + (2*(S-S1)/H-1)/2.0)
ZATD2(1,5) = C*((2*(S-S1)/H-1)**2/2.0-(2*(S-S1)/H-1)/2.0)*(6*(S-S1
1 )/H**2-6*(S-S1)**2/H**3)
ZATD2(1,6) = C*((2"(S-S1)/H-1)**2/2.0-(2*(S-S1)/H-1)/2.0)*(-(S-51)
1 **2/H"*2-(2*(S-S1)/H**2-1/H)" (S-S 1) + (S-S 1)/H)
ZATD2(1,7) = C**2*(1-(2*(S-S1)/H-1)**2)*({2*(S-S1)/H-1)**2/2.0-(2*
1 (5-S1)/H-1)/2.0)
ZATD2(2,1) = C*((2*(S-S1)/H-1)**2/2.0-(2"(S-S1)/H-1)/2.0)* (6" (S-S 1
1 )**2/H**3-6*(S-S1)/H*"2)
ZATD2(2,2) = (6*(S-S1)**2/H**3-6*(S-S1)/H**2)**2
ZATD2(2,3) = (2*(1-(S-S1)/H)"(S-51)/H-(1-(S-S1)/H)"*2)*(6*(S-51)*"
1 2/H**3-6*(S-S1)/H™"2)
ZATD2(2,4) = C*((2*(S-S1)/H-1)**2/2.0+ (2°(S-S1)/H-1)/2.0)* (6" (S-S
1 )"2/H"3-6*(S-S1yH™2)
ZATD2(2,5) = (6°(S-S1)/H"*2-6*(S-S1)*"2/H"*3)*(6*(S-51)**2/H"*3-6"
1 (S-S1)/H**2) '
ZATD2(2,6) = (6°(S-51)**2/H**3-6*(S-S1)/H""2)" (-(S-S1)**2/H**2-(2"
1 (S-S1)/H**2-1/H)*(S-51) +(S-S1)/H)
ZATD2(2,7) = C*(1-(2*(S-S1)/H-1)**2)*(6"(S-51)**2/H**3-6*(S-S1)/H"
1 *2)
ZATD2(3,1) = C*{(2"(S-51)/H-1)"*2/2.0-(2*(S-S1)/H-1)/2.0)* (2*(1-(S
1 -S1)/H)*(S-S1)/H-(1-(S-S1)/H)**2)
ZATD2(3,2) = (2°(1-(S-S1)/H)*(S-S1)/H-(1-(S-51)/H)**2)*(6"(S-S1)**

i
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1 2/H**3-6*(S-S1)/H**2) -
ZATD2(3,3) = (2°(1-(8-51)/H)*(S-S1)/H-(1-(S-S1)/H)**2)**2

ZATD2(3.4) = C*((2*(S-S1)/H-1)**2/2.0+ (2*(S-S1)/H-1)/2.0)* (2" (1-(S

1 -81)/H)*(S-S1)/H-(1-(S-51)/H)**2)

ZATD2(3,5) = (2°(1-(8-S1)/H)*(S-S1)/H-(1-(S-S1)/H)**2)*(6* (S-S 1)/H -
4 **D-6*(5-51)**2/H**3)

ZATD2(3,6) = (2*(1-(S-S1)/H)*(S-S1)/H-(1-(8-51)/H)* *2)* (-(S-51)*"2

1 JH**2-(2*(S-S1)/H**2-1/H)*(S-81) + (S-S1)/H) -
ZATD2(3,7) = C*(1-(2*(S-S1)/H-1)""2)*(2* (1-(S-S1)/H)* (S-S 1)/H-(1-(

1 §-S1)/H)**2) S S
ZATD2(4,1) = C**2*((2*(S-S1)/H-1)**2/2.0-(2*(S-81)/H-1)/2.0)" ((2"(

H

1 §-81)/H-1)**2/2.0+ (2*(S-51)/H-1)/2.0) -
ZATD2(4,2) = C*((2°(S-S1)/H-1)**2/2.0+ (2°(3-81)/H-1)/2.0)*(6*(S-S1
1 )**2/H**3-6*(S-S1)/H™"2) —
ZATD2(4,3) = C*((2*(S-S1)/H-1)**2/2.0+ (2*(8-81)/H-1)/2.0)* (2* (1-(S -
1 -81)/H)*(S-51)/H-(1-(S-S1)/H)**2)

ZATD2(4,4) = C**2°((2*(S-S1)/H-1)**2/2.0+ (2 (S-81)/H-1)/2.0)**2 N
ZATD2(4.5) = C*((2°(S-81)/H-1)**2/2.0+ (2*(3-51)/H-1)/2.0)* (6*(S-S1 =
1 )/H**2-6*(S-S1)**2/H**3) -
ZATD2(4,6) = C*((2*(S-S1)/H-1)**2/2.0+ (2*(S-S1)/H-1)/2.0)*(-(S-S1)

1 **2/H**2-(2*(S-S1)/H**2-1/H)* (5-81) + (S-S1)/H)

ZATD2(4,7) = C**2*(1-(2*(S-S1)/H-1)**2)*((2*(S-S1)/H-1)"*2/2.0 + (2*

1 (S-S1)/H-1)/2.0)

ZATD2(5,1) = C*((2*(S-81)/H-1)**2/2.0-(2*(5-S1)/H-1)/2.0)* (6*(S-S1

1 )/H**2-6*(S-S1)**2/H"*3) =
ZATD2(5,2) = (6*(S-S1)/H**2-6*(S-S1)"*2/H"*3)*(6"(S-S1)**2/H"**3-6" -
1 (S-S1)/H"*2) _

ZATD2(5,3) = (2(1-(S-51)/H)* (S-S 1)/H-(1-(S-S1)/H)**2)* (6*(S-S1)/H -
1 **2-6*(S-S1)*2/H**3) - =
ZATD2(5,4) = C*((2*(S-S1)/H-1)"*2/2.0+ (2 (S-51)/H-1)/2.0)*(6*(S-S1

1 )/H**2-6*(S-S1)**2/H"*3)

ZATD2(5,5) = (6*(S-S1)/H**2-6*(S-51)**2/H**3)**2 -
ZATD2(5.,6) = (6*(S-S1)/H**2-6*(S-51)**2/H**3)* (-(S-51)* ' 2/H**2-(2*

1 (S-S1)/H**2-1/H)*(S-51) + (S-S1)/H)

ZATD2(5,7) = C*(1-(2*(S-S1)/H-1)**2)*(6*(S-S1)/H"*2-6*(S-81)**2/H"

1 *3) _
ZATD2(6,1) = C*{(2*(S-51)/H-1)**2/2.0-(2*(S-51)/H-1)/2.0)*(-(S-S1) -
1 **2/H**2-(2*(S-S1)/H""2-1/H)*(8-S1) + (S-S 1)/H) ,

ZATD2(6.2) = (6*(S-51)**2/H**3-6*(S-S1)/H**2)*(-(S-S1)* " 2/H**2-(2* =
1 (S-81)/H**2-1/H)*(S-51) + (S-S1)/H) -
ZATD2(6,3) = (2*(1-(S8-51)/H)*(S-S1)/H-(1-(S3-51)/H)**2)* (-(5-51)**2

1 JH**2-(2*(S-S1)/H**2-1/H)*(S-51) + (S-S1)/H) =
ZATD2(6,4) = C*((2*(S-S1)/H-1)**2/2.0 + (2°(8-51)/H-1)/2.0)*(-(S-S1) <
1 **2/H**2-(2(S-S1)/H**2-1/H)*(S-51) + (S-S1)/H)

ZATD2(6,5) = (6*(S-S1)/H**2-6*(S-51)"*2/H**3)* (-(S-51)"* 2/H**2-(2*

1 (S-S1)/H2-1/H)*(S-S1) +(S-S1)/H) =
ZATD2(6,6) = (-(S-S1)**2/H**2-(2*(S-S1)/H**2-1/H)*(S-S1) +(S-S1)/H) -
1 2

ZATD2(6,7) = C*(1-(2*(S-51)/H-1)**2)"(-(S-81)**2/H**2-(2*(S-S1)/H* -
1 *2-1/H)*(S-S1) + (S-S1)/H) , =
ZATD2(7.1) = C**2*(1-(2"(S-S1)/H-1)"*2)*((2*(S-S1)/H-1)**2/2.0-(2"

1 (S-51)/H-1)/2.0) , )
ZATD2(7,2) = C*(1-(2*(S-S1)/H-1)""2)*(6*(S-81)**2/H**3-6*(S-S1)/H" =
1 *2) -
ZATD2(7,3) = C*(1-(2*(S-51)/H-1)**2)*(2" (1-(S-S1)/H)*(S-51)/H-(1-(

1 §81YH2) :

B
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ZATD2(7,4) = C**2*(1-(2*(S-S1)/H-1)""2)* ((2*(S-S1)/H-1)"*2/2.0+ (2*
1 (5-S1)/H-1)/2.0)

ZATD2(7,5) = C*(1-(2*(S-S1)/H-1)"*2)*(6"(S-51)/H"*2-6*(S-€ )" *2/H"
1 *3)

ZATD2(7,6) = C*(1-(2*(S-S1)/H-1)**2)*(-(S-S1)**2/H**2-(2* (S-S 1)/H"
1 *2-1/H)*(5-S1) + (S-S1)/H)

ZATD2(7,7) = C**2*(1-(2*(S-S1)/H-1)"*2)**2

RETURN

END

C AR AN AR RRENAR AR AR RA KR NN RRAR AN R A d R A A h AR w AR kw b

C CODE FOR MATRIX D

c iﬁﬂiiiﬁiii'tltilii*ﬂiiiliitﬂliiii'ii!iii’ﬁ.tii"ii'lli*iaﬁ‘lnll'iiiil
SUBROUTINE MATXD(S,S1,H,C,ZATD)
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
DIMENSION ZATD(7,7)
ZATD(1,1) = C**2*((2*(S-S1)/H-1)"*2/2.0-(2"(S-S1)/H-1)/2.0) "2 + (2°
1 (2°(5-S1)/H-1)/H-1/H)**2
ZATD(1,2) = C*((2°(8-S1)/H-1)*2/2.0-(2* (S-S 1)/H-1)/2.0)* (6" (S-S1)
1 **2/H**3-6*(S-S1)/H**2)-C*(2*(2*(S-S1)/H-1)/H-1/H)* (2 (S-51)**3
2 /H**3-3*(S-S1)*"2/H**2+1)
ZATD(1,3) = C*(2"(2*(S-S1)/H-1)/H-1/H)* (1-(S-S1)/H)* *2* (S-51) + C*((
1 24(S-81)/H-1)""2/2.0-(2(8-51)/H-1)/2.0)* (2* (1-(S-S1)/H)*(S-S1)
2 IH-(1-(S-S1)/H)*"2)
ZATD(1,4) = C**2*((2*(S-S1)/H-1)**2/2.0-(2*(S-51)/H-1)/2.0)* ((2*(S
1 -S1)/H-1)"*2/2.0+ (2*(S-51)/H-1)/2.0) + (2*(2*(S-S1)/H-1)/H-1/H)"(
D 2°(2"(S-S1)/H-1)/H + 1/H)
ZATD(1,5) = C*((2*(S-S1)/H-1)**2/2.0-(2*(S-S1)/H-1)/2.0)* (6" (S-S 1)
1 JH**2-6*(S-51)**2/H**3)-C*(2*(2*(S-S1)/H-1)/H-1/H)* (3" (S-S 1)**2
2 JH**2-2*(5-51)**3/H""3)
ZATD(1,6) = C*(2*(2*(S-S1)/H-1)/H-1/H)*((S-51)* *2/H**2-(S-S1)/H)"(
1 §-81) +C*((2*(S-S1)/H-1)"*2/2.0-(2* (S-S 1)/H-1)/2.0)* (-(S-51)"*2/
2 H**2-(2*(S-51)/H**2-1/H)*(S-51) + (3-S1)/H)
ZATD(1,7) = C**2*(1-(2*(S-S1)/H-1)""2)*((2*(S-S1)/H-1)"*2/2.0-(2"(
1 S-S1)/H-1)/2.0)-4*(2* (2" (S-S 1)/H-1)/H-1/H)* (2*(S-S1)/H-1)/H
ZATD(2,1) = C*((2*(8-S1)/H-1)**2/2.0-(2*(S-51)/H-1)/2.0)*(6(S-S1)
1 **2/H"*3-6*(S-S1)/H"*2)-C*(2* (2" (S-S 1)/H-1)/H-1/H)* (2*(S-S1)**3
2 /H**3-3*(S-81)*"2/H**2+1)
ZATD(2,2) = C**2°(2"(8-51)**3/H"*3-3*(S-51)""2/H**2+ 1)**2 + (6" (S-S1
1 )**2/H**3-6*(S-S1)/H""2)"*2
ZATD(2,3) = (2°(1-(S-S1)/H)*(S-S1)/H-(1-(S-S1)/H)**2)*(6*(S-S1)**2
1 JH**3-6*(S-51)/H**2)-C**2*(1-(S-51)/H)* *2*(2"(S-51)* *3/H"*3-3*(
2 S-S1)"*2/H**2+1)*(5-S1)
ZATD(2,4) = C*((2*(S-51)/H-1)""2/2.0 + (2*(S-51)/H-1)/2.0)* (6*(S-S1)
1 **2/H**3-6*(S-S1)/H"*2)-C*(2*(2* (S-S1)/H-1)/H + 1/H)*(2*(S-51)""3
2 /H**3-3'(S-S1)2/H"*2+ 1)
ZATD(2,5) = C**2°(3*(S-S1)**2/H**2-2*(S-51)"*3/H* *3)*(2*(S-51)"* Y/
1 H**33%(S-S1)*"2/H**2+ 1) + (6*(S-S1)/H" *2-6"(S-51)**2/H**3)*(6°(S
2 -S1)**2/H**3-6*(S-S1)/H"*2)
ZATD(2,6) = (6*(S-51)**2/H**3-6"(S-51)/H**2)"(-(S-81)**2/H"*2-(2*(
1 S-S1)/H**2-1/H)*(S-81) + (S-S1)/H)-C**2*((S-81)**2/H* *2-(S-S1)/H)
2 *(2°(5-51)**3/H**3-3*(S-S1)"*2/H"*2+ 1)*(S-51)
ZATD(2,7) = 4*C*(2*(S-51)/H-1)*(2*(S-S1)**3/H**3-3*(S-51)**2/H** 2+
1 1)/H+C*(1-(2*(S-S1)/H-1)""2)*(6*(S-S1)**2/H" *3-6*(S-S1)/H**2)
ZATD(3,1) = C*(2*(2*(S-S1)/H-1)/H-1/H)*(1-(S-81)/H)**2*(S-51) + C*((
1 2%(S-S1)/H-1)**2/2.0-(2* (S-S 1)/H-1)/2.0)* (2" (1-(S-S1)/H)* (S-S1)
2 /H-(1-(S-S1)/H)**2) R
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ZATD(3,2) = (2*(1-(5-S1)/H)* (S-81)/H-(1-(5-81)/H)**2)*(6°(5-51)"*2
1 JH**3-6*(S-S1)/H* *2)-C**2* (1-(S-S1)/H)** 2*(2*(S-51)* *3/H**3-3"(

2 S-S1)**2/H**2+ 1)*(S-S1)

ZATD(3,3) = C**2*(1-(S-S1)/H)**4*(S-S1)** 2+ (2* (1-(S-S1)/H)* (S-S 1)/
1 H-(1-(S-S1)/H)**2)**2

ZATD(3,4) = C*(2*(2*(S-81)/H-1)/H + 1/H)* (1-(S-S1)/H)**2*(8-51) + C*((
1 2°(S-81)/H-1)**2/2.0+ (2*(S-81)/H-1)/2.0)*(2* (1-(S-S1)/H)*(S-81)

2 /H-(1-(S-S1)/H)**2)

ZATD(3,5) = (2*(1-(8-S1)/H)*(S-S1)/H-(1-(3-51)/H)**2)* (6*(S-S1)/H"

1 *0-6*(S-S1)"*2/H**3)-C**2*(1-(S-S1)/H)" *2*(3*(S-51)* *2/H" " 2-2*(

2 §-51)**3/H**3)"(S-S1)

ZATD(3,6) = C**2*(1-(S-51)/H)**2*((S-51)**2/H"*2-(S-51)/H)*(S-S1)*
1 *2+4 (2*(1-(S-51)/H)* (S-S 1)/H-(1-(8-51)/H)**2)* (-(S-S 1) *2/H" *2(

D 2*(S-S1)/H**2-1/H)*(S-S1) + (S-S1)/H)

ZATD(3,7) = C*(1-(2*(S-S1)/H-1)**2)*(2* (1-(8-51)/H)* (S-S 1)/H-(1-(S

1 -81)/H)**2)-4*C* (1-(S-S1)/H)**2*(2*(S-51)/H-1)* (S-S 1)/H
ZATD(4,1) = C**2*((2*(S-S1)/H-1)**2/2.0-(2*(S-S1)/H-1)/2.0)*((2* (S

1 -S1)/H-1)*"2/2.0 + (2*(S-51)/H-1)/2.0) + (2* (2" (S-S 1)/H-1)/H-1/H)*(
2 24(2*(5-S1)/H-1)/H+ 1/H)

ZATD(4,2) = C*((2*(S-81)/H-1)"*2/2.0 + (2*(S-S1)/H-1)/2.0)* (6*(S-51)
1 **2/H**3-6*(5-51)/H**2)-C*(2*(2*(S-51)/H-1)/H + 1/H)* (2'(5-S1)**3
2 /H**3-3*(S-S1)""2/H**2+ 1)

ZATD(4,3) = C*(2*(2*(S-S1)/H-1)/H + 1/H)* (1-(S-51)/H)* ‘2" (S-81) + C*((
1 2°(S-S1)/H-1)**2/2.0 + (2*(S-S1)/H-1)/2.0)(2* (1-(S-S1)/H)* (S-S 1)

2 /H-(1-(S-S1)/H)**2)

ZATD(4,4) = C**2°((2*(S-S1)/H-1)""2/2.0 + (2*(S-S1)/H-1)/2.0)** 2+ (2*
1 (2*(S-S1)/H-1)/H + 1/H)**2

ZATD(4,5) = C*((2°(S-S1)/H-1)""2/2.0+ (2*(S-51)/H-1)/2.0)*(6*(S-S1)
1 /H**2-6°(S-S1)**2/H**3)-C*(2*(2*(S-S1)/H-1)/H + 1/H)*(3'(5-81)**2
2 JH**2-2*(S-S1)**3/H**3)

ZATD(4,6) = C*(2*(2*(S-S1)/H-1)/H + 1/H)*((S-S1)** 2/H* "2-(S-S1)/H)(
1 §-81)+C*((2*(5-S1)/H-1)**2/2.0 + (2*(S-S1)/H-1)/2.0)* (-(S-51)**2/

2 H**2-(2*(S-S1)/H"*2-1/H)*(S-51) + (S-S1)/H)

ZATD(4,7) = C**2*(1-(2*(S-S1)/H-1)**2)*((2*(S-S1)/H-1)"*2/2.0 + (2"
1 S5-51)/H-1)/2.0)-4*(2* (2" (S-S1)/H-1)/H + 1/H)* (2*(S-81)/H-1)/H
ZATD(5,1) = C*((2*(S-S1)/H-1)**2/2.0-(2*(S-S1)/H-1)/2.0)* (6*(S-51)

1 JH**2-6*(S-51)**2/H**3)-C*(2* (2* (S-S 1)/H-1)/H-1/H)* (3"(5-S1)**2
2 /H**2-2*(S-S1)**3/H""3)

ZATD(5,2) = C**2*(3*(S-S1)**2/H"*2-2*(S-S1)* *3/H"*3)* (2 (S-81)"*3/
1 H**3-3(S-81)**2/H** 2+ 1) + (6*(S-S1)/H* *2-6*(S-51)* *2/H**3)* (6" (S
2 -S1)**2/H**3-6*(S-S1)/H"*2)

ZATD(5.3) = (2°(1-(8-S1)/H)*(S-81)/H-(1-(S-S1)/H)**2)* (6*(S-S1)/H"

1 *2-6*(S-S1)"*2/H**3)-C**2* (1-(S-S1)/H)* *2*(3*(S-S1)** 2/H*"2-2*(

2 §-51)**3/H**3)*(S-S1)

ZATD(5,4) = C*((2(S-S1)/H-1)**2/2.0+ (2*(S-81)/H-1)/2.0)* (6" (S-S1)
1 JH**2-6%(S-S1)** 2/H**3)-C*(2*(2*(S-S 1)/H-1)/H + 1/H)*(3" (S-S 1)* "2
D /H**2-2*(S-S1)**3/H"*3)

ZATD(5,5) = C**2*(3*(S-S1)"*2/H"*2-2*(S-51)**3/H**3)** 2+ (6*(S-S1)/
1 H*2-6*(S-S1)2/H"3)**2

ZATD(5,6) = (6°(S-S1)/H"*2-6*(S-51)"*2/H**3)* (-(S-51)"* 2/H* *2-(2"

1 S-S1)/H**2-1/H)*(S-S1) + (S-81)/H)-C**2*((S-S1)**2/H**2-(S-S1)/H)
2 *(3*(S-S1)**2/H**2-2*(S-S1)**3/H**3)*(8-51)

ZATD(5,7) = 4°C*(2*(S-S1)/H-1)*(3*(S-51)**2/H**2-2*(S-S1)**3/H"*3)
1 JH+C {1-(2*(S-51)/H-1)**2)*(6*(S-S1)/H"*2-6*(S-S1)**2/H"*3)
ZATD(6,1) = C*(2*(2*(S-S1)/H-1)/H-1/H)"((5-51)" *2/H**2-(S-S 1)/H)*(
1 $-81)+C*((2*(S-S1)/H-1)*"2/2.0-(2" (S-51)/H-1)/2.0)* (-(S-51)**2/
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2 H**2-(2°(S-S1)/H *2-1/H)*(S-S1) + (S-S 1)/H)
ZATD(6,2) = (6*(S-51)**2/H**3-6"(S-S1)/H"*2)*(-(S-51)** 2/H**2-(2*(
1 S-81)/H**2-1/H)*(S-81) + (S-S1)/H)-C**2* ((5-S1)**2/H"* 2-(S-S1)/H)
2 *(2°(S-S1)**3/H**3-3*(S-S1)**2/H "2+ 1)*(S-S1)

ZATD(6,3) = C**2*(1-(S-81)/H)**2*((S-S1)**2/H"*2-(S-51)/H)*(S-51)"
1 *24 (2*(1-(S-S1)/H)* (S-S 1)/H-(1-(S-S1)/H)"*2)* (-(S-81)** 2/H"" 2~(

2 2°(S-S1)/H*"2-1/H)*(S-51) + (S-S1)/H)

ZATD(6,4) = C*(2*(2*(S-S1)/H-1)/H+ 1/H)*((S-S1)** 2/H"*2-(S-S 1)/H)"(
1 S-81)+C*((2*(S-S1)/H-1)"*2/2.0+ (2*(8-51)/H-1)/2.0)*(-(S-S1)**2/
2 H**2-(2*(S-51)/H**2-1/H)*(S-51) + (5-S1)/H)

ZATD(6,5) = (6°(3-51)/H**2-6°(S-S1)**2/H**3)* (-(S-S1)**2/H"* 2-(2"(
1 S-81)/H**2-1/H)*(S-S1) + (S-S1)/H)-C**2*((S-S1)** 2/H"*2-(S-51)/H)
2 *(3%(3-S1)**2/H**2-2"(S-51)**3/H"*3)*(5-S1)

ZATD(6,6) = C**2*({S-51)**2/H**2-(S-S1)/H)**2*(S-S1)** 2 + (-(S-S1)""
1 2/H**2-(2*(S-S1)/H**2-1/H)*(S-51) + (S-S1)/H)**2

ZATD(6,7) = C*(1-(2*(S-S1)/H-1)""2)" (-(S-S1)* *2/H** 2-(2* (S-S 1)/H"*

1 2-1/H)*(S-51) + (S-S 1)/H)-4*C*(2*(S-S1)/H-1)*((S-S1)** 2/H" * 2-(S-S
2 1)/H)*(S-S1)/H

ZATD(7,1) = C**2*(1-(2*(S-S1)/H-1)**2)* ((2*(S-S1)/H-1)**2/2.0-(2"(

1 S-51)/H-1)/2.0)-4* (2" (2" (S-S 1)/H-1)/H-1/H)* (2" (S-S 1)/H-1)/H
ZATD(7,2) = 4°C*(2*(S-51)/H-1)*(2(S-51)**3/H"*3-3"(S-51) " 2/H* "2 +
1 1)/H+C*(1-(2*(8-51)/H-1)**2)*(6"(5-S1)** 2/H**3-6" (S-S 1)/H"*2)
ZATD(7,3) = C*(1-(2*(8-S1)/H-1)*"2)*(2" (1-(5-S1)/H)* (8-S 1)/H-(1-(S

1 -S1)/H)**2)-4*C*(1-(S-S1)/H)**2*(2*(S-S1)/H-1)*(S-S1)/H
ZATD(7,4) = C**2*(1-(2*(S-S1)/H-1)**2)*((2"(S-S1)/H-1)" *2/2.0 + (2*(
1 S-81)/H-1)/2.0)-4*(2* (2* (S-S 1)/H-1)/H + 1/H)* (2* (S-S 1)/H-1)/H
ZATD(7,5) = 4*C*(2*(S-51)/H-1)*(3"(S-51)""2/H**2-2*(S-51)**3/H"*3)
1 TH+C*(1-(2"(S-S1)/H-1)"*2)* (6*(S-S1)/H**2-6"(S-S1)**2/H**3)
ZATD(7,6) = C*(1-(2"(S-S1)/H-1)"*2)*(-(S-S1)"*2/H"* 2-(2* (S-S 1)/H"*
1 2-1/H)*(S-51) + (S-51)/H)-4"C*(2*(S-51)/H-1)*((S-51)* *2/H" *2-(S-S
2 1)/H)*(S-S1)/H

ZATD(7,7) = 16*(2"(S-S1)/H-1)""2/H**2+ C**2*(1-(2*(5-81)/H-1)""2)"*
1 2

RETURN

END
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C CODE FOR MATRIX E1

C '"Illliﬁ'iliiiiil'tt'l’t!liiilittiiiiliiiiiiiitiilillll'iﬁli"iit*iﬁl
SUBROUTINE MATXE1(S,S1,H,C,ZATE1)
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
DIMENSION ZATE1(7,7)
ZATEA(1,1) = C**2°(2"(2"(S-S1)/H-1)/H-1/H)* (2" (3-51)/H-1)**2/2.0-
1 (2*(S-S1)/H-1)/2.0)
ZATE1(1,2) = C*((2*(S-S1)/H-1)**2/2.0-(2*(S-51)/H-1)/2.0)* (12*(S-S
1 1)/H**3-6/H**2)
ZATE1(1,3) = C*((2*(S-S1)/H-1)**2/2.0-(2*(S-51)/H-1)/2.0)* (4* (1-(S
1 -S1)/H)/H-2*(S-S1)/H**2)
ZATE1(1,4) = C**2°(2*(2*(S-S1)/H-1)/H + 1/H)*((2*(8-S1)/H-1)*"2/2.0-
1 (2*(S-S1)/H-1)/2.0)
ZATE1(1,5) = C*{(2"(S-S1)/H-1)""2/2.0-(2*(S-S1)/H-~ = 0)*(B/H"*2-
1 12*(S-S1)/H™*3)
ZATE1(1,6) = C*((2'(S-S1)/H-1)""2/2.0-(2*(S-S1)/F- - 03" (2/H-6"(
1 S-S1)/H**2)
ZATE1(1,7) = -4*C**2*((2"(S-S1)/H-1)**2/2.0~(2*(S-5 3, i+-1)/2.0)*(2
1 *(S-S1)/H-1)/H
ZATE1(2,1) = C*(2*(2*(S-51)/H-1)/H-1/H)* (6*(S-S1)**2/H"*3-6*(S-51)
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1 /H**2)
ZATE1(2,2) = (12°(S-S1)/H**3-6/H**2)*(6"(S-S1)* "2/H**3-6*(S-S1)/H"
1 2

ZATE1(2,3) = (4*(1-(S-S1)/H)/H-2*(S-S1)/H"*2)* (6*(S-51)* *2/H"*3-6*

1 (S-S1)/H**2)

ZATE1(2,4) = C*(2*(2*(S-S1)/H-1)/H+ 1/H)*(6°(S-51)** 2/H"*3-6*(S-51)

1 /H*2)
ZATE1(2,5) = (B/H**2-12*(S-S1)/H**3)*(6*(S-S1)* *2/H"*3-6'(S-S1)/H"
1 *2)

ZATE1(2,6) = (2/H-6*(S-S1)/H**2)*(6*(S-51)**2/H**3-6*(S-S1)/H"*2)
ZATEA(2.7) = -4°C*(2*(S-S1)/H-1)*(6*(S-51)**2/H"*3-6*(S-S1)/H"*2)/
1 H

ZATEA(3,1) = C*(2*(2"(S-S1)/H-1)/H-1/H)" (2* (1-(8-81)/H)* (S-S 1)/H-(
1 1-(S-S1)/H)**2)

ZATE1(3,2) = (12°(S-S1)/H**3-6/H"*2)*(2* (1-(8-S1)/H)*(S-§1)/H-(1-(
1 S-81)/H)**2)

ZATE1(3,3) = (4"(1-(S-S1)/H)/H-2*(S-S1)/H**2)*(2* (1-(S-S1)/H)* (S-S
1 1)/H-(1-(S-S1)/H)**2)

ZATE1(3,4) = C*(2*(2*(S-S1)/H-1)/H + 1/H)* (2" (1-(S-S1)/H)* (S-S 1)/H-(
1 1-(S-S1)/H)**2)

ZATEA(3,5) = (B/H**2-12*(S-S1)/H**3)*(2*(1-(S-S1)/H)* (S-81)/H-(1-(
1 8-81)/H)**2)

ZATE1(3,6) = (2/H-6*(S-S1)/H"*2)*(2*(1-(S-S1)/H)*(S-51)/H-(1-(S-S1
1 )/H)*"2) ,

ZATE1(3,7) = -4°C*(2°(8-51)/H-1)*(2* (1-(S-S1)/H)* (S-S 1)/H-(1-(S-S 1
1 JH)**2)/H

ZATE1(4,1) = C**2°(2*(2*(S-S1)/H-1)/H-1/H)*((2*(S-S1)/H-1)**2/2.0 +
1 (2*(5-S1)/H-1)/2.0)

ZATE1(4,2) = C*((2*(S-51)/H-1)**2/2.0 + (2*(S-S1)/H-1)/2.0)* (12*(S-S
1 1)/H**3-6/H**2)

ZATE1(4,3) = C*{(2*(3-51)/H-1)**2/2.0 + (2*(S-S1)/H-1)/2.0)* (4" (1-(S
1 -S1)/H)/H-2*(S-S1)/H**2)

ZATEA(4,4) = C**2°(2*(2*(S-S1)/H-1)/H+ 1/H)* ((2*(S-S1)/H-1)**2/2.0+
1 (2*(S-81)/H-1)/2.0)

ZATE1(4,5) = C*((2°(S-S1)/H-1)**2/2.0 + (2*(S-51)/H-1)/2.0)* (6/H** 2-
1 12*(S-S1)/H"*3)

ZATE1(4,6) = C*((2°(S-S1)/H-1)**2/2.0 + (2°(S-51)/H-1)/2.0)* (2/H-6"(
1 8-81)/H**2)

ZATE1(4,7) = -4*C**2*((2*(S-S1)/H-1)**2/2.0+ (2*(8-51)/H-1)/2.0)"(2
1 *(5-S1)/H-1)/H

ZATE1(5,1) = C*(2*(2(S-S1)/H-1)/H-1/H)* (6*(S-S1)/H"*2-6*(S-51)"*2
1 /H"3)

ZATE1(5,2) = (12*(S-S1)/H**3-6/H**2)*(6*(S-S1)/H"*2-6*(S-S1)** 2/H"
1 *3)

ZATEA(5,3) = (4*(1-(5-S1)/H)/H-2*(S-81)/H"*2)*(6*(S-S1)/H"*2-6*(S-
1 S1)**2/H**3)

ZATE1(5,4) = C*(2'(2"(S-S1)/H-1)/H + 1/H)* (6" (S-S 1)/H**2-6*(S-51)**2
1 /H3)

ZATE1(5,5) = (6/H**2-12*(S-S1)/H**3)*(6*(S-51)/H"*2-6*(S-S1)**2/H"
1 *3)

ZATE1(5,6) = (2/H-6*(S-S1)/H**2)*(6"(S-51)/H"*2-6"(S-51)**2/H""3)
ZATE1(5.7) = -4*C*(2*(S-81)/H-1)"(6"(S-S1)/H**2-6*(S-51)**2/H**3)/
1 H

ZATE1(6,1) = C*(2°(2(S-81)/H-1)/H-1/H)*(-(S-81)" *2/H"*2-(2*(S-51)
1 /H**2-1/H)*(5-S1) + (S-S1)/H)
ZATE1(6,2) = (12°(S-81)/H**3-6/H"*2)" ((S-51)**2/H"*2-(2*(S-S1)/H"
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1 *D-1/H)*(S-S1) + (S-S 1)/H)
ZATE1(6,3) = (4*(1-(S-S1)/H)/H-2*(S-S1)/H" "2)*(-(S-51)**2/H"* 2-(2*
1 (S-S1)/H**2-1/H)*(S-51) + (S-S1)/H)

(
ZATE1(6,4) = C*(2*(2*(S-S1)/H-1)/H + 1/H)* (-(S-51)"* 2/H"* 2-(2*(S-S1)

1 /H“2-1/H)*(S-S1) + (S-S1)/H) -
ZATE1(6,5) = (6/H"*2-12*(S-S1)/H**3)* (-(S-S1)* *2/H"* 2-(2*(S-S1)/H"
1 *2-1/H)*(S-S1) + (S-S1)/H)

ZATE1(6,6) = (2/H-6"(S-51)/H**2)"(-(S-S1)"*2/H"**2-(2* (S-S 1)/H"*2-1
1 /H)*(S-S1) +(S-S1)/H) ’

ZATE1(6 7) = -4"C*(2*(S-S1)/H-1)* (-(S-51)*"2/H" *2-(2*(S-S1)/H**2-1

1 /H)*(S-81) + (S-S1)/H)/H

ZATE1(7,1) = C**2*(2*(2(S-S1)/H-1)/H-1/H)* (1-(2* (S-S 1)/H-1)**2)
ZATE(7,2) = C*(1-(2'(S-§1)/H-1)""2)*(12*(S-S1)/H"*3-6/H""2)
ZATEA(7,3) = C*(1-(2*(S-S1)/H-1)**2)*(4*(1-(S-S1)/H)/H-2* (S-S 1)/H"
1 *2)

ZATE1(7,4) = C”2‘(2"(2‘(S—S1)/H-1)/H+1/H)‘(1-(2*(S-S1)/H-1)“2)
ZATE1(7.5) = C*(1-(2*(S-S1)/H-1)""2)*(6/H"*2-12*(S-S1)/H**3)
ZATE1(7,6) = C*(1-(2*(S-S1)/H-1)*2)*(2/H-6" (S-S 1 ) H**2)
ZATEN(7.7) = -4*C**2*(1-(2*(S-S1)/H-1)"*2)* (2" (S-S 1)/H-1)/H
RETURN

END

C O 32 2 2 2 2 2 2 222 T2 TR R RS2 22 RS R A RS A AL AL R R R AL A

C CODE FOR MATRIX E2

C i!lli'i*i'!iii"ﬁiiiliiiiiii'ﬁﬁii*'iliiiiiliiii"ttiiniiillliﬁﬁii’ii'
SUBROUTINE MATXE2(S,S1,H,C,ZATE2)
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
DIMENSION ZATE2(7,7)
ZATE2(1,1) = C**2%(2*(2*(S-S1)/H-1)/H-1/H)" ((2* (S-S 1)/H-1)**2/2.0-
1 (2°(S-S1)/H-1)/2.0)
ZATE2(1,2) = C*(2*(2*(8-S1)/H-1)/H-1/H)*(6*(S-S1)**2/H**3-6*(S-S1)
1 /H*2)
ZATE2(1,3) = C*(2*(2*(S-S1)/H-1)/H-1/H)* (2" (1-(S-51)/H)* (S-S 1)/H~(
1 1-(S-S1)/H)"*2)
ZATE2(1,4) = C"*2*(2*(2*(S-S1)/H-1)/H-1/H)*((2" (S-51)/H-1)"*2/2.0 +
1 (2*(S-S1)/H-1)/2.0)
ZATE2(1,5) = C*(2*(2"(S-S1)/H-1)/H-1/H)* (6" (S-S 1)/H**2-6*(S-81)**2
1 /H**3)
ZATE2(1,6) = C*(2*(2*(S-S1)/H-1)/H-1/H)" (-(S-81)* *2/H"*2-(2* (S-51)
1 /H**2-1/H)*(S-S1) + (S-S1)/H)
ZATE2(1,7) = C**2%(2*(2*(S-S1)/H-1)/H-1/H)* (1-(2*(5-S1)/H-1)"*2)
ZATE2(2,1) = C*((2*(S-S1)/H-1)**2/2.0-(2*(S-51)/H-1)/2.0)*(12*(S-S
1 1)/H**3-6/H"*2)
ZATE2(2,2) = (12°(S-S1)/H**3-6/H**2)*(6*(S-51)**2/H* *3-6*(S-S1)/H"
1 *2)
ZATE2(2,3) = (12*(5-S1)/H**3-6/H**2)*(2*(1-(S-51)/H)* (S-S 1)/H-(1~(
1 S-81)/H)**2)
ZATE2(2,4) = C*((2"(S-S1)/H-1)""2/2.0 + (2°(S-S1)/H-1)/2.0)*(12* (S-S
1 1)/H**3-6/H"*2)
ZATE2(2,5) = (12*(5-S1)/H**3-6/H**2)*(6*(S-51)/H**2-6"(S-S1)""2/H*
1 *3)
ZATE2(2,6) = (12°(S-S1)/H**3-6/H"*2)" (-(5-51)* *2/H**2-(2*(S-S1)/H"
1 *2-1/H)*(S-S1) + (S-S1)/H)
ZATE2(2,7) = C*(1-(2*(S-S1)/H-1)**2)*(12*(S-S1)/H**3-6/H"**2)
ZATE2(3,1) = C*((2"(S-S1)/H-1)**2/2.0-(2*(S-S1)/H-1)/2.0)* (4* (1-(S
1 -S1)/H)/H-2*(S-S1)/H**2)
ZATE2(3,2) = (4*(1-(S-51)/H)/H-2"(S-S1)/H"*2)*(6*(S-51)**2/H**3-6"
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1 (S-S1)/H"*2)
ZATE2(3,3) = (4*(1-(S-S1)/H)/H-2*(S-S1)/H**2)* (2" (1-(S-S1)/H)* (S-S
1 1)/H-(1-(S-S1)/H)**2)

ZATE2(3,4) = C*{(2°(S-S1)/H-1)"*2/2.0 + (2*(S-S1)/H-1)/2.0)* (4* (1-(S
1 -S1)/H)/H-2*(S-S1)/H**2)

ZATE2(3,5) = (4*(1-(8-51)/H)/H-2*(S-51)/H**2)*(6* (S-S 1)/H**2-6"(S-
1 S1)*2/H*"3)

ZATE2(3,6) = (4*(1-(S-S1)/H)/H-2*(S-S1)/H* *2)*(-(S-51)" *2/H"*2-(2*

1 (S-S1)/H**2- 1/ )*(5-51) + (5-S1)/H)

ZATE2(3,7) = C*(1-(2*(S-S1)/H-1)**2)*(4* (1-(3-51)/H)/H-2*(S-S 1)/H

1 *2)

ZATE2(4,1) = C**2°(2*(2*(S-S1)/H-1)7H + 1/H)* ((2* (S-S 1)/H-1)**2/2.0-
1 (2(5-S1)/H-1)/2.0)

ZATE2(4,2) = C*(2*(2"(S-S1)/H-1)/H + 1/H)*(6*(S-51)**2/H"*3-6"(S-S1)
1 /H*2)

ZATE2(4,3) = C*(2*(2*(S-S1)/H-1)/H + 1/H)* (2 (1-(5-S1)/H)* (S-S 1)/H(
1 1-(S-S1)/H)**2)

ZATE2(4,4) = C*'2'(2*(2*(S-S1)/H-1)/H + 1/H)*(2'(S-S1)/H-1)"*2/2.0+
1 (2*(5-81)/H-1)/2.0)

ZATE2(4,5) = C*(2*(2*(S-51)/H-1)/H + 1/H)*(6*(S-S1)/H"*2-6*(S-81)**2
1 /H**3)

ZATE2(4,6) = C*(2*(2*(S-S1)/H-1)/H + 1/H)* (-(S-S1)**2/H**2-(2* (S-51)
1 /H**2-1/H)*(S-S1) + (S-S1)/H)

ZATE2(4,7) = C**2*(2°(2*(S-S1)/H-1)/H + 1/H)* (1-(2*(S-51)/H-1)""2)
ZATE2(5,1) = C*((2*(S-S1)/H-1)**2/2.0-(2*(S-S1)/H-1)/2.0)* (6/H**2-

1 124(S-S1)/H**3)

ZATE2(5,2) = (6/H**2-12*(S-S1)/H**3)*(6*(S-S1)**2/H"*3-6"(S-S1)/H*
1 2) S o
ZATE2(5,3) = (6/H**2-12*(S-S1)/H**3)*(2* (1-(S-51)/H)* (S-S 1)/H-(1-(
1 $-S1)/H)**2)

ZATE2(5,4) = C*{(2*(S-51)/H-1)"*2/2.0+ (2*(S-S1)/H-1)/2.0)* (6/H**2-

1 12*(S-S1)/H**3)

ZATE2(5.5) = (B/H**2-12*(S-S1)/H**3)*(6*(S-S1)/H* *2-6*(S-81)*2/H"
1 '3)

ZATE2(5,6) = (6/H**2-12*(S- S1)/H“3)'(-(S-S1)“2/H”2—(2‘(S-S1)/H*
1 *2-1/H)*(S- s1)+(s S1)/H) .

ZATE2(5,7) = C*(1-(2*(S-51)/H-1)**2)*(6/H"*2-12*(S-S1)/H"*3)
ZATE2(6,1) = C*((2*(S-S1)/H-1)**2/2.0-(2" (S-S 1)/H-1)/2.0)* (2/H-6(

1 8-81)/H**2) o o N
ZATE2(6,2) = (2/H-6*(S- S1)/H**2)* (6*(S-S1)**2/H**3-6" (S-S 1)/H**2)
ZATE2(6,3) = (2/H-6*(S-S1)/H**2)*(2*(1-(S-51)/H)* (S-51)/H-(1-(S-S1
1 )/H)**2)
ZATE2(6,4) = C*((2*(S-51)/H-1)*"2/2.0+ (2*(S-S1)/H-1)/2.0)* (2/H-6*(
1 8-S1)/H**2)

ZATE2(6,5) = (2/H-6*(S-S1)/H"*2)*(6*(S-S1)/H"*2-6*(S-S1)**2/H""3)

ZATE2(6.6) = (2/H-6*(S-51)/H**2)* (-(S-51)**2/H" *2-(2*(S-S1)/H**2-1
1 /H)*(S-S1) + (S-S 1)/H) —
ZATE2(6,7) = C*(1-(2*(S-S1)/H-1)"*2)*(2/H-6*(S-S1)/H""2)

ZATE2(7.1) = -4*C**2*((2*(S-S1)/H-1)**2/2.0-(2*(S-51)/H-1)/2.0)* (2
1 *(S-S1)/H-1)/H

ZATE2(7,2) = -4°C*(2"(S-S1)/H-1)*(6*(S-S1)**2/H"*3-6*(S-S1)/H*"2)/
1 H

ZATE2(7,3) = -4*C*(2"(S-81)/H-1)*(2*(1-(S- S1)/H)* (S-S 1)/H-(14(5-81
1 )/H)**2)/H

ZATE2(7,4) = -4°C**2*((2(S-S1)/H-1)*"2/2.0 + (2 (S-S 1)/H-1)/2.0)" (2
1 *(S-S1)/H-1)/H
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ZATE2(7,5) = -4*C*(2*(S-S1)/H-1)*(6"(S-S1)/H"*2-6*(S-S1)**2/H**3)/
1 H

ZATE2(7,6) = -4*C*(2*(S-S1)/H-1)*(~(S-S1)**2/H" *2-(2*(5-S1)/H"* 2-1
1 /H)*(S-S1) + (S-S1)/H)/H '
ZATE2(7,7) = -4*C**2*(1-(2*(S-S1)/H-1)"*2)*(2*(S-S1)/H-1)/H
RETURN

END

C A A KARERERRRERAARANR AL EARANARNTNR R RR AR RARRA AR R RAN R R R R R AR A ARk F AT ANk 2S R

C PROGRAM TO ADD TWO COLUMN VECTORS WITH A SCALE FACTOR FOR EACH
C .Qiiiil’ilﬁ'lii."i'ﬁ"il!ﬂﬁi'iﬁl’iii'iiii'iiii."iltliiiil'iQltlﬁii'il
SUBROUTINE CADD(FACA,A,FACB,B,C,N1)
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
C ADDS MATRIX FACA*A TO FACB*B AND CALLS IT C
DIMENSION A(N1),B(N1),C(N1)
DO 100 I = 1,N1
100 C(1) = FACA*A(l) + FACB*B(I)
RETURN
END

C P 3 2 2 2 2 22 RS R s 22 R 22 AR R A RS SRR LA NASASALELEEES Y

C PROGRAM TO ADD TWO N1XN2 MATRICES WITH SCALE FACTORS FOR EACH
SUBROUTINE MATADD(FACA,A,FACB,B,C,N1,N2)
IMPLICIT DOUBLE PRECISION (A-H,0-2)

C  ADDS MATRIX FACA'A TO FACB*B AND CALLS IT C
DIMENSION A(N1,N2),B(N1,N2),C(N1,N2)
DO 100 = 1,N1 ’
DO 100 J=1,N2

100 C(1,J) = FACA*A(l,J) + FACB*B(l,J)

RETURN
END

C Y 2 2 2 R e a2 SRR R RS2 2RSSR R AR A ERE AL AALERIERE]

C PROGRAM TO MULTIPLY TWO NXN MATRICES
C t'iiiﬁilillitiil'tt!ﬁ.i.tﬁ'ii!iiiiittttlititiiiiii*iiiiliiiittt'iﬂ'ﬂ'li
SUBROUTINE MNMULT(A,B,C,N)
C VYIELDSAXB =C
IMPLICIT DOUBLE PRECISION (A-H,0-2)
DIMENSION A(N,N),B(N,N),C(N,N)
DO 100 I1=1,N
DO 100 J=1,N
c(1,J)=0.
DO 100 K=1,N
C  WRITE(9,1000)1,J,K,A(I,K),B(K,J),C(1,J)
100 C(1,J) = C(1,J) + A(1,K)*B(K,J)
RETURN
END

C AR AR ARR A A AR AR AR A AR E R R RN RN R RRRNF IR AR N A AR RS AN AR R AR R R AR IR AT bR PR RN wd &

C PROGRAM TO MULTIPLY A ROW BY A MATRIX 1.E. {R}TRAN*[M] .

SUBROUTINE CMMULT(A,B,C,N1,N2)
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
DIMENSION A{N1),B(N1,N2),C(N2)
DO 10 I=1,N2

10 C(l)=0.0D0
DO 20 1=1,N2

DO 20 J=1,N1
20  C(l)=AW)BW.l) + C()
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RETURN
END

C A AR AR R IR A AR AARAA RN AAR S RARR AR A AR AR AR AR R AR R A Ak A R AR R N kA dhd A h & hdR ko

C PROGRAM TO MULTIPLY A MATRIX BY A COLUMN

C tliii*ﬁiiiiﬁiiﬁl.Qiﬁﬁ'ﬁ'iiiiil{iﬁi*i*il*"itt'iiiiiiii*t'ﬁﬁkiiiiiiitiin
SUBROUTINE MCMULT(A,B,C,N1,N2)
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
DIMENSION A(N1,N2),B(N2),C(N1)

DO 10 1=1,N1
10 C(l)=0.0D0
DO 20 | = 1,N1
DO 20 J = 1,N2
20 C(l)=A(J)'BWJ) + C(l)
RETURN
END

C Iiiﬁi"iﬁiiiilt*i*lﬂﬂi!l!i'ﬁi"ii*iiili..'iit!iiﬁiiiill’iﬁiliﬁﬁ.iilk.ﬁit

C ** PROGRAM TO MULTIPLY TWO COLUMNS
C ﬁi**i‘ﬁ*il!!'ﬁﬁtlﬁﬁlﬁ*iﬁ'ili’"*ﬁii‘tiiiiIiﬁiiiiiii*ﬁiiiﬁiiiiiﬁl'ttt’*q
SUBROUTINE COLMULT(A,B,C,N1)
IMPLICIT DOUBLE PRECISION (A-H,0-2)
DIMENSION A(N1),B(N1)
€ =0.0D0
DO 20 I=1,N1
20 C=A()'B()+C
RETURN
END

C *ii.iii’i"itthi.ii'ﬁﬁ'tﬁ*iiilili*iiﬂiiiiﬁﬁ*iiiﬂiiiliil‘lllttiﬁ'ilii'i

C PROGRAM TO MULTIPLY A SCALAR BY A COLUMN OR ROW MATRIX
C iiii'l’iﬁﬁﬁ.tttﬂli*ﬂi*ii'ﬁiil.iiﬁtliﬁiiﬁiiiiiiiiii*iiilliﬂlﬂtiii'ﬂiiil’.
SUBROUTINE SMULT(S,A,C,N1)
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
DIMENSION A(N1),C(N1)
DO 20 | =1,N1
20 C()=S*A(l)
RETURN
END
Cii*ii*i*ﬁﬁi'ttﬂttttiiih*‘lit*iiiiillii*ﬂﬁ.tﬁttiﬂﬂ"ii'iiiitiﬁilii*lit!'
C SUBPROGRAM TO MULTIPLY A N1XN2 BY A N2XN3
Cﬁﬂiil.iﬁ!'ﬁiiiiilﬁill.iil"iﬁi‘iiﬁiiiiﬁiiii*iﬁtﬁiki*ttit*t*iiﬂiittliii
SUBROUTINE MATMULT(A,B,C,N1,N2,N3)
C VYIELDSAXB=C
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
DIMENSION A(N1,N2),B(N2,N3),C(N1,N3)
DO 100 1=1,N1
DO 100 J = 1,N3
C(1,J)=0.
DO 100 K =1,N2
100 C(1,J)=C(1,J) + A(LK)*B(K,J)
RETURN ‘
END

Citlit.iﬁ'iﬁiiii.ii'ﬁ'Qttﬁiiiiitt'iitiﬁlitiﬁt'ttiiiiiiiiﬁiiilhliﬂ‘ﬂﬂt'.

C SUBPROGRAM TO MULTIPLY THE TRANS OF AN N2XN1 BY A N2XN3 MATRIX
CiiiI‘i'k"ﬁilit‘#tliii*ii'ﬂi'iﬁ*tiii'iiiiiﬁiiiﬁiﬁhiiiii*tﬁ*ﬁQiiliii*iii

SUBROUTINE MATTMULT(A,B,C,N1,N2,N3)
C  YIELDS A(TRANS) X B =

IMPLICIT DOUBLE PRECISION (A-H,0-2)
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DIMENSION A(N2,N1),B(N2,N3),C(N1,N3)
DO 100 | = 1,N1
DO 100 J=1,N3
C(1,J)=0.
DO 100 K = 1,N2
100 C(1,J)=C(1,J) + A(K,))*B(K,J)
RETURN
END

Ciiilii*ttiiiiitiitiiiiiiitittittt-liiﬂttaitiﬁililittiittawiinnau

C SUBPROGRAM TO ADD TERMS DUE TO THE SPRING TO THE STIFFNESS MATRIX
C'ﬁﬂ*iiiiiiitiiiiiiii‘i'tiiiﬁiiilii.i'itil’iiiiiiiilli*ﬁiiﬁhﬂll'ﬁiiiiiﬂl
SUBROUTINE SPRING(SK,SLO,NRN,GSTIF,GR,U)
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
DIMENSION GSTIF(NRN,NRN),GR(NRN),U(NRN)
MN = (NRN-1)/2
MN1=MN + 1
UM = U(MN)
WM = U(MN1)
SL = DSQRT((SLO-WM)*(SLO-WM) + UM*UM)
GSTIF(MN,MN) = GSTIF(MN,MN) + SK/SL*(SLO*UM*UM/(SL*SL) + SL-SLO)
GSTIF(MN,MN1) = GSTIF(MN,MN1)-SK/(SL*SL)*(SLO* UM* (SLO-WM)/SL)
GSTIF(MN1,MN) = GSTIF(MN1,MN)-SK/(SL"SL*SL)*SL0O*UM* (SLO-WM)
GSTIF(MN1.MN1) = GSTIF(MN1,MN1) + SK/SL*(SL-SLO + SLO*(SLO-WM)* (SLO-WM)/
1 (SL*SL))
GR(MN) = GR(MN) + SK*(SL-SL0)*UM/SL
GR(MN1) = GR(MN1)-SK*(SL-SLO)*(SLO-WM)/SL
RETURN
END
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